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MATEMATHKA

DOL: 10.18287/2541-7525-2025-31-1-7-21 YIK 511.334

06 apudmernmdeckoii mpupoje Ko3(pPuImeaTon
MYJILTHILIAKATUBHBIX 3Ta-IIPOU3BeIeHIi

Bocxkpecenckasn I'.B.

Camapckuti HAUUOHAALHT uccaedosamervekutl yrusepcumem umeny axademura C.I1. Kopoaesa, 2. Camapa,
Poccutickan @Pedepavus; galvosk@mail.ru; ORCID: 0000-0002-6288-5372 (I.B.);

Hocmynuaa:  11.12.2024 Awnnoramnus. B cratbe n3ydaercs apudmerndeckas IpupoIa KOIMDPUITMEHTOB MYJTb-
Pacemompena: 20.01.2025 TUIJTUKATUBHBIX 9Ta-IIPOU3BEICHN, HA3bIBaeMbIX Takke pyukimsamu MaxKes. s
Ipunama: 07.04.2025 HEKOTOPBIX (DYHKIUI MOXKHO YCTAHOBUTH COOTBeTCcTBHE [ eKKe Mexmy Kodbdurm-
entamu Gyukimit MakKes n rpeccen-xapakrepamn ['ekke MHUMBIX KBaIPATHIHBIX

Hayunas cmamovs nogteit. g napyrux dyuxmuit MakKesa Ttakoe cooTBeTcTBrE HEBO3MOXKHO, HO MX
® KO3 DUIMEHTHI MOXKHO IIPEJICTABUTH B BIJIE CYMM, COJIEPKAINNX XapaKTepbl [ ex-

|@ Ke. Bosamkarorme xapakTepbl ['€KKe BBIMUCHIBAIOTCA SBHO. B cTaThe MpuBeIeHbI
IepBbIe JiecsiTh KoaddurmenToB s Beex yukimii MakKest. Berauciaenus: ocuo-

BaHBI HA [IEHTArOHAJBHON hopmyste Ditaepa. B crarbe Takke paccka3aHo O CBI3U
ko3 purmenToB 3tux pyuxmuit ¢ cymmamu [Iumypsbr.

KittoueBbie cjioBa: MOy sipHbIe (GOPMBI; apaboimdeckue (OPMBbI;

ko3 purmentor Pypbe; KBaApATHIHbIE TOJIA; XapaKTephbl [ eKKe; -psIbl;
MYJIBTUILINKATUBHBIE (DYHKIINN; [TEHTArOHaJbHasi (popMysia Ditjiepa; CyMMBbI
[Tumypor.

1. ®Dysknmuum MakKes

Henblo craTbu sBjsgeTcd u3ydeHue cBazeil mexky kKoddpdunmentamu dbynknmiit MaxKes u
rpoccen-xapakrepamu [eKKe MHUMBIX KBaJIPATUUHbBIX HoJiell. DT (byHKIUN ObLIM BIIEPBbIE OIMCAHBI
B crarbe [1|. MbI ucnosnb3yem dbakTbl U3 TeOpun MOJLyIsSpHBIX dopM u3 MoHorpadwmii [2-4] u
crarbr [5] n daxkTel Teopun uuces u3 KHUT [6-8|. B Tabimmnax gomycKaeTcs THIMYHOE COKPAIEHIE:
BMeCTO (DyHKIIH H?:1 n'i (ajz) sanucriBaercs H?:l (ajz)tf. Teopewmsr 1.1.1, 2.2.1 murupyiores, Bee
OCTaJIbHBIE PE3Y/IBTATHI CTATHU MOJIYYEHBI aBTOPOM. B pasJMYHbIX 3a/a9ax MOJIe3HO 3HATH MepPBbIe
koabdunuenter Gyuxnuit MakKest, KoTopble MbI IIOJHOCTBIO TIpUBeieM B iepBoM maparpade. Tasee
MBI Gy/IeM UCHOJIb30BaTh yTBEPIKIEHNUSI, IPUBEJIEHHBbIE B MOHOTpaduu [2].

Teopema 1.1.1.

IycTp

Torna f(z) = g(z).

st mocTpoenust TabJIMIL EepBbIX KO3(MDMUIMEHTOB MbI UCHOIB3YEeM CJIELYIONHe TOXKIECTBA
1st psijioB Oypbe MyJIbTUILINKATHBHBIX 3Ta-IIOU3BeIeHuil Beca 1. DT TOXKIECTBa MMOJIy YAI0TCS U3
HeHTaroHaJbHOI (opmysibr Ditaepa [9):
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N8Bz = Y. (—=)"g'

m,l=—o0

[ole]

m,l=—o0

(o]

6m+1)2423(61+1)2
24
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o]

m,|=—o0

[ee]

m,l=—o0
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, 7(202)7(3z) = Y (=1)"g

6m+1)2+11(61+1)2

n(222)m(22) = Y (1)l

12

(6m+1)2+5(61+1)2
6

7

" 2 2
, n(162)n(8z) = ) (_1)m+lq%,

m,l=—o0

11 2 2
n(18z)n(6z) = Z (_1)m+lq%

m,l=—o0

[e]

(12z) = Y (-1)"™'g

m,l=—oco

(6m+1)2+(61+1)2
2

910 nozBosiuT HaliTu Kodhdunuentsr dyukimit MakKest Beca 1, ot dopm Beca 1 MOKHO mEpexo-
IUTHh K (popmam 0oJiee BBICOKHX BECOB. B 9aCcTHOCTH, MBI MCIIOJIB3YEM CJIEYIONNil (haKT, TOKAZAHHBIIM
aBTopoM B crathe [10]: ecom dbynkims ¢(z) — My IbTHIUIMKATUBHOE #-TIpon3Be/ieHne Beca k > 2,

8(z) # n*(82)n(4z)n(22)n*(2), 7' (42)7°(22)n*(2),

TOIJIa CYIIECTBYET Takoe MyJIbTUILINKATHBHOe fj-ipoussesenne f(z) seca &, uro g((I+1)z) =
= f(Iz)f(z), vae | + 1]24. Vcnons3yst 910, MOXKHO nocrpouts Tabuusr 1.1, 1.2, 1.3.

Tabsma 1.1
Table 1.1
a(n) [23-1]22-2[21-3[20-4[18-6[16-8[12-12[6*[ 8 -42[10>-22[12-6-4-2
a(1) 1 1 1 1 1 1 1 1 1 1 1
a2) | -1 0 0 0 0 0 0 0 0 0
a(3) | -1 -1 0 0 0 0 0 0 0 -2 -1
a(4) 0 0 -1 0 0 0 0 0 0 0 0
a(5) 0 -1 0 -1 0 0 0 0| -2 -1 -2
a(6) 1 0 0 0 0 0 0 0 0 0 0
a(7) 0 0 -1 0 -1 0 0 4| 0 2 0
a(8) 1 0 0 0 0 0 0 0 0 0 0
a(9) 0 0 0 -1 0 -1 0 0| -3 1 1
a(10) | 0 0 0 0 0 0 0 0 0 0 0
Tabsma 1.2
Table 1.2
a(n) [15-5-3-1[14-7-2-1[92.32 [112.12 [ 625 [ 45 [ 82.4.2.12 [ 3. 13 [ 6°-3%2.22.12
a(1) 1 1 1 1 1 1 1 1 1
a(2) -1 -1 0 -2 0 0 -2 -3 -2
a(3) -1 -2 0 -1 3 |0 -2 0 -3
a(4) -1 1 -2 2 0 0 4 5 4
a(5) 1 0 0 1 0 | -6 0 0 6
a(6) 1 2 0 2 0 0 4 0 6
a(7) 0 1 -1 -2 2 0 0 -7 -16
a(8) 3 -1 0 0 0 0 -8 -3 -8
a(9) 1 1 0 -2 9 9 -5 9 9
a(10) -1 0 0 -2 0 0 0 0 - 12
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Tabauma 1.3
Table 1.3
a(n) | 5% 14 [ 3% [ 4428 [4*.22. 14 [30.16 [ 212 [ 28.18.2.12 | 1%
a(1) 1 1 1 1 1 1 1 1
a(2) -4 0 0 -4 -6 0 -8 -24
a(3) 2 0 -4 0 9 -12 12 252
a(4) 8 -8 0 16 4 0 64 -1472
a(5) -5 0 -2 -14 6 o4 -210 4830
a(6) -8 0 0 0 -54 0 -96 -6048
a(7) 6 20 24 0 -40 -88 1016 -16744
a(8) 0 0 0 -64 168 0 -512 84480
a(9) -23 0 -11 81 81 -99 0 -113643
a(10) 20 0 0 56 -36 0 1680 -115920

2. XapakTtepsbl I'ekke

B srom naparpade Mbl n3/102KMM HEOOXO/IUMbBIE CBEJICHUS O XapakTepax | eKke.

2.1. Ompenenenne xapakrepa I'ekke

Cuauaja HeOOXOIMMO JATh HECKOJIBKO MPEIBAPUTETLHBIX OMPEIeTeHNI.

[TycTs O — KOJBIO TENBIX MO anrebpandeckux quces, I — nemymesoit nmean B 9. Kimaccor
BBIUETOB 3J1eMeHTOB & 110 Mogyao MM, a € O, (a, M) = 1, 06pasyoT MyIBTUIIMKATUBHYO TPYIIILY
(O/M)*.

Xapakrepom Jlupuxie no moyio 9 HaseiBaercss romomopdusm x : (O/M)* — C*.

VuurapubiM xapakrepom C* — HelnpepbIBHBIH roMoMOpdu3M Xeo : C* — S e S' =
= {a € C: |a| = 1}. Takoii xapakrep 3ajgaerca GOpMyIOit: Xeol(a) = ﬁ Yucmo I — wacrora
XapaKkTePa Xoo-

[Mycts [ — MyabTUILINKATHBHAS TPYIIIa HEHYJIEBLIX JIPOOHBIX WJIEATOB, P — MOArpyIna riaBHbIX
uneanos, H = [ /P — rpymuna kiaccos naeanos. s mo6oro nenoro maeana MM C O Iy = {A C 1,
A,M) =1} CI, Pp={(a) CP:(a,M) =1} CP, Iyn/Py = 1/P = H.

Besiknii romomopdusm u3 H B S' HasbiBaeTcst XapakTepoM rpymisl Kiaccos. CYIECTBYeT POBHO
h = |H| xapaKTepoB TPYIIIbI KJIACCOB.

Ompenenenue.

Xapaxmepom Lexke ("epeccen-zapaxmepom”) 110 momyso 9 HA3bIBAETCsI HENIPEPBIBHBIH TOMOMOD-
busm : Iy — S, 1as KoToporo cymecTByIoT Takme XapakTeps X : (O/9M)* — S, xo : C* — S,
aro P((a)) = x(a) - Xoo(a).

st moGoro a € O, (a,M) =1, I =3+ (x(—1) — 1) (mod 2). Xapakreps [exxe 110 MozyImo
M ¢ wacroroii | = 0 — 3T0 B TOYHOCTH XapaKTEphl IPYIIILI KJIACCOB.

Kongykropom xapakrepa ['ekke 110 Moyso 9 cunTaercss HAMMEHBINNN U3 MIeanos § : § |9,
TaKol, 4TO P IpojloJIzKaeTce J10 XapakTepa l'ekke 1o mosymmo §. Ecim § = 9, To xapaxTep 'ekke
HA3BIBACTCA IPUMUTUBHBIM.

2.2. Xapakrepsbl I'ekke u moayiasspable POPMBI

IIycrs P — npumuTuBHBLL XapakTep [ekke ¢ kongykropom 9 u gacroroii [. Iomoxum ¢(A) = 0
upu (A, M) # 1. [Mosyunm npoosKenne 10 MyJIbTUIIMKATUBHON (DYHKIMU HA MHOYKECTBE HEHyJIe-
BBIX T[eJIBIX UJEAJIOB.
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Teopema 2.2.1. [7]

ITycts rpeccen-xapakrep P mo moaymo 9 nmeer gacrory [ > 0, H — BepxXHsisl KOMIUIEKCHAS
[IOJIYILIOCKOCTD.
Torna f : H — C, 3amannas Gopmyioi

fz) = ;wm)(w)éemm,

npunaygrexxur M;1(To(N), ¥), N = |[D| - NO.

Buecs ¥(n) = xp(n)p(n), xp(n) — cumson Kporekepa. CyMMupoBaHue BeIeTCs 10 BCEM IEJIbIM
uneasaM Ok, D — auckpumunanT noJs K.

Ecimu 1 >0, ro f — napabommdeckast dopma. Ecam MM = (1), o N = |D|, ¥ = xp-

3. MyabTUunjuKaTuBHbIE 3Ta-MIPOU3BEEHNS U I'PECCEH-XapaKTephbl

nosst Q(1)

Ecim K = Q(i), To D = —4, Ok = Z[i], umerorcs gerbipe equannpl +1, i, aucio Kiaccos
paBHO 1, Bce ujeasbl TIaBHbIC.

3.1. Kosdbdunmentsr dbynkuun 12(12z)

Oynxuus 2(12z) € S1(144, (5)). Pacemorpun nueax M = (6), NI = 36. Yacrora | = 0.

Mysnbruiuinkarusaast rpynna dbakrop-kosbia (O/9M)* = Zy X Z4, TaK KaK ¢ TOTHOCTHIO J10
ymHOXkenust Ha € € U = {£1, £i} ssement o € (O/IM)* umeer oxuH U3 CIEAYOMUX TUIOB A,
skBHUBasienTen 4 + bi, e

a =1(mod 6), b= 2(mod 6)
a = 3(mod 6), b=2(mod 6)
a =1(mod 6), b=4(mod 6)
a = 1(mod 6), b= 0(mod 6)

B apyrux cayuasx (a, M) # 1.
Iycrs B =1+ 2i(mod 6), ecnu €1 -« = B, T0

€-a> = 3+2i(mod6),
e3-a® = 1+4i(mod 6),
es-a* = 1 (mod6).
Bneck € € U.
Xoo(®) = 1, Tak xax | = 0. U3 ycsioBus cormacoBanusi enunun Ve € U x(€) - xeo(€) = 1
noiyudaem x(€) =1, P(e) = 1.
ITosTromy mckomblii xapakrep ['ekke omnpenensiercs na ngeane (a) = (a+bi), («,6) = 1,

B 3aBHCHMOCTH OT yCJIOBUI Ha @ U b cjeyronmm obpasoM:

i, a=1(mod6), b=2(mod®6),

) -1, a=3(mod6), b=2 (mod6),

Pr((a)) = —i, a=1 (mod6), b=4 (mod6),
1, a=1 (mod6), b=0 (mod6).

ID| =4, NI =236, p(n)=1,xp(n) = ().
Tak xak (d,2) =1, o %(d) = xp(d) = (5) . o reopeme Texxe f(z) € S1(Tp(144), (=1)).
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Tak Kax pa3MepHOCTH 9TOTO MPOCTPAHCTBA, paBHa 1 1 MepBhIit KO3MPUITNEHT IOCTPOESHHON (DOPMBI
paseH 1, 1o f(z) = 172(122). [Tonmy4gaem dpopMyIIbl [T MOLYJISIPHOM (DOPMBI U ee KOI(MDPUIUEHTOB:

Y. (@)™ =42(122), )= Y i((a).

(a) € Z[i], (a) € Z[i],
(a,6) =1 (0,6) =1,
Na=n

3.2. Kosddbummentsr bynknun 72 (8z)n?(4z)

Yposenb 3T0#t popMbl paBen 32, ciegyeT HallTH MOIYJb XapakTepa ['ekke ¢ HOpMOH 8, yacToTa
I=1.

JLyis1 71106010 HEUETHOrO 11eJION0 IayCCOBOIO YHC/Ia 3 CYIeCTBYeT eJUHCTBEHHBIH ssieMeHT & € Z]i],
acconuupoBannmiii ¢ B, Taxoii, aro a = 1(mod (1+1)3) [7].

B kauecTBe MOyl XapakTepa BozbMeM Moayih M = (1+1)% = (2 +2i), N9t = 8.

VckoMbIit XapakTep onpeensieTcs Ha ujuease (&), rie o0pasyoIuil 3;IeMeHT BHIOPAH C yCIOBHEM

a = 1(mod (1 + 1)), bopmynoit

v2((w) = 7o
[Toygaem,
(Na)? - () )e2™ M) = a - N = 2 (82) 17 (42).
(a) € Z[i], (a) € Z[i],
a = 1(mod (1+1)3) a = 1(mod (1+1)3)

Kosdbdmmuentsr 72 (8z)n%(4z) pasmbr

a(n) = ) Q.
(a) € Z[il,
a = 1(mod (1+1)3),
Na =n

3.3. Kosddbummentsr bynknunu 7°(4z)

Yposenb 310t hpopMmbl paBer 16, ciegyer HailTu MOIyJIb XapakTepa ['ekke ¢ HOpMOii 4, YacToTa
=2

J1j1s1 1506010 HEUETHOTO IEJIOr0 TayCCOBOIO YUCIa B CyIiecTByeT sjueMeHT & € Z|[i], acconunpo-
BaHHBI ¢ B, Takoil, uro & = 1(mod (2)).

B kauecTBe MOy st XapakTepa BozbMeM uiean M = (2), NI = 4.

HckoMbIit XapakTep onpejensieTcss Ha ujease (&), rie 00pasyoluil 3J/eMeHT BHIOPAH ¢ yCIOBHEM
a = 1(mod (2)), bopmyuroii

p3((a)) = e
[Toyuaem
Z NlX-l/Jg((Dé))esz((“)) — “2.62711‘N((a)) I (82)772(42).
(a) € Z[i], (a) € Z[i],
a = 1(mod (1+1)3) a = 1(mod (1+1)3)

Kosdbdburmmentsr 12 (8z)n%(4z) pasmbr

a(n) = ) a?.
(a) € Z[i],
a = 1(mod (1+1)3)
Na=n
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3.4. Kosdbdummenter bynkmuu n(4z)n?(2z)n*(z)

Yposens s1oit hopMer pasen 4, gacrora | = 4.
B kauecTBe MOjyJ/Isi XapakTepa BozbMeM Mojyab MM = (1), NIt = 1.
Nckombrit xapakTep ompeaesisiercs hpopMyIoit

4

Pa((0) = o
[Tosryaaem
Z (N[X)Z . w4((a))62niN((a)) _ Z “4 .eZHiN((zX)) _ 4(42);72(22)174(2).
(a) € Z[i], (a) € Z[i]

Kosdbdburmentsr 17#(4z)n?(2z)n*(z) pasusr

4. MyJIbTI/IHJII/IKaTI/IBHbIe ATa-IIpoOnU3BEACHUA 1N I'PECCEH-XapPpaKTePhbl

nosst Q(v/—3)

Ecin K = Q(v/—=3), To D = =3, O = Z|w], tne w = HZV =3 UMeeTCs THeCTh eTIHHIT
+1, +w, +w?, uncio kinaccos pasuo 1, Bee mueanst riasnbie, N(a 4 bw) = a*> — ab + b2

4.1. Kosddumuenrsr pyukmunu 17(18z)n(6z)

Yposens s1oit popmer pasen 108, gwacrora [ = 0.
B kavecTBe MOjy/Isi XapakTepa BozbMeM uiean M = (6), NI = 36.
Uckomblit xapakTep Ha npocroM nuease (71) = (a+ bi), ((7),(6)) = 1, onpenensiercsa dopmyitoit

1, a=1 (mod?2), b=0 (mod?2),
¥s((a)) = w, a=0(mod?2), b=1 (mod?2),
w?, a=1(mod?2), b=1 (mod?2).

Ha ocrasibaBIX neaiax xapakTep OIPEJeIsieTCs 10 MYJIbTUILIMKATHBHOCTH.
[Tosryaaem

Yo s((@) N =y (182)p(62), a(n) = Y, ws((@)

(0) € Z[w], () € Z|w],
(D(,6) = (“/6) =1,
Na=n

4.2. Kosddumuentor bynxumii 14(6z),17°(62)1°(2z),18(3z), n%(92)n?*(3z)

Jst kaxxioit n3 srux dyHKIm Mbl HaiigeMm mMogyas 9, npu srom ecom ((a), M) = 1, To
IIOPOZK TAIOIHUIT SJIEMEHT & MOXKHO BBIOpaTh ¢ ycaosuem & = 1 (mod IN).

Nckomblit xapakTep paBeH

al

pi((0)) = 1=
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[Tosryaaem
f(Z) — lpj((a))(N“)%esz((a)) — aleZm'N((uc)).
a) € Zw), a) € Zw),
a =1 (mod 9M) a =1 (mod 9M)

[
—~
=
~—
I
I
QN

$j((a))(Na)?

a) € Z[w], a) € Z]w],
a =1 (mod 9M) a =1 (mod M)
Na=n Na=n
B rabmune 4.1 ykaxkem sisuo [ u 901.
Tabaumna 4.1
Table 4.1
f(z) Iy m N
n*(6z) 3¢ | (2V=3) = (2+4w) | 12
1 (62)°(22) | 2 | 4y (2) 4
7#(Bz) |3 |ys | (V=3)=(1+2w) | 3
2 (92)7*(3z) [ 1] o (3) 9

5. MyabTUNJIMKATUBHBIE 3Ta-IIPOU3BEAeHNSI U TPECCEH-XapaKTePhl

mosia Q(v/—2)

Jhio6oit snement u3 Ox umeer Buy & = a4 + by/—2, |D| =8, Na = a% 4+ 2b%. B Ok umeercst 1Be
enuHUIB 1.

5.1. Kosddunuenrsr dyukuun 7(16z)1(8z)

Yposenb 310i1 hopmbl paBer 128, HopMma ucKoOMOro ujgeasia 16.
Bosbmem Moy MM = (4).
Ecmm ((a), M) =1, r0 & ~ a+ b\/—2, rae a u b yji0BIeTBOPSIIOT OJJHOMY 3 CJIEJLYIOIHX YCJIOBUIA:

a=1(mod 4), b=0(mod 4),

a=1(mod 4), b=1(mod 4),

a =1(mod 4), b= 2(mod 4),

a=1(mod 4), b= 3(mod 4).

Wckomblit xapakTep paBeH

1, a=1(mod 4), b=0(mod 4),
i, a=1(mod4), b=1(mod 4),
Pro((2)) = -1, a=1(mod 4), b=2(mod 4),
—i, a=1(mod 4), b=3(mod 4)
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[Tosryaaem

5.2. Kosbdummentor dbynxuun 12(8z)1n(4z)n(22)n%(z)

Yposenb 310it bopmbl paser 8, | = 2. Vckombrit Moyas paser M = (1).
ckomblil xapakTep onpejensgercs popMyJ1oi

o
P ((a)) = la2"
[Tosryaaem

)3 P11 ()N ((@)) 2N = )3 a?e?TNU) = 2(82) (42) (22)% (2).
(@) € Z[v=2] (@) € Z[v/-2]

Kosddunumentsr momyssipaoit popMbl paBHbI

a(n) = ) P11((a))Na = Y. 2.
(a) € Z[V-2], (a) € Z[V-2],
Noa =n Na=n

6. MyJabTUILIMKATUBHBIE 3Ta-IIPOU3BEJI€HNsI U I'PEeCcCeH-XapaKTephbl

roJieit Q(\/__S)/Q(\/__7)IQ( V _11)/Q( V _23)

6.1. Kosdbdumuentor bynkmmit 7(21z)7(3z),7°(72)7°(z) u rpeccen-xapakTeps

nons Q(+/—7)

Bcee npmeannt kosbia Og — mimaBable, Ox =< 1,7 >, tj1e ¢ = ﬂ.

Ecm « € Ok, To & = a+by,a,b € Z,Na = a?> — ab + 2b%, |D| —7

Haitiem coorsercrsue T'ekke jyist Moyssiproii dopwmst 17(212)1(3z).

Pacemorpum mozyns 9 = (3).

Yposenb 31oit hopmbl pasen 63, gacrora [ = 0.

Ecmu ((a), M) =1, To & ~ a+ b7y, rje a u b yIoBIETBOPSIOT OJHOMY U3 CJIEIYIONIUX YETHIPEX
THIIOB, XapaKTep ONpee/sdeTcs B 3aBUCUMOCTH OT THIIA!

i, a=1(mod3), b=1(mod 3),
O
1, a=1(mod 3), b= 0(mod 3)
Yo (@)™ @) =y (212)y(32), a(n) = Y ()
(@) € Z[1], (@) € Z[],
(@,3) = 1. a,3)=1,
Na =n

Haiiem coorsercraue lekke s Momyasiproii dbopmbt 173(72)13(z).
Yposenn 31oit hopMer pasen 7, gactora [ = 2.
Pacemorpum moayas M = (1).
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Nckombrit xapakTep ompeesisiercss hopMyIoit

a2

P13((a)) = W-
[Toryuaem

) pr3((a) )N(()) 2N = o2 mN@) = 3(72)1% (2).
(«) € Zlv] (a) € Zl7]

Kosddunmentsr momyssipaoit popMbl paBHbI

a(n) = ) P13((a))Na = ) .

() € Z[y], () € Z[y],
Na=n Na=n

6.2. Koaddunmentsr dbyukuunu 1(20z)1(4z) u rpecceH-xapakTepbl
monst Q(1/—5)

N =80,|D| =5,hx =2,1 =0.
Uckomprit naean umeer nopmy 4. Bosemenm naean M = (2).

~—

Uckomblit xapakTep P14 Ha riaBHbIX upeanax (), («,2) = 1, oupegensiercs no dopmyie

1, a=1(mod?2), b=
vl ={ 1 otz 12

[IycTh p — mpocToii uieas, He siBJsfONMiics riasHbiM, (P, M) = 1.
Torma Pi4(p) =1, ¢14(p) = —i, ecim p2 = (a + b/=5), a =0 (mod 2).
Ecm p? = (a +byv/—=5), a=1 (mod 2), 1o P14(p) = —1.

[Tomygaem
) PN = 5(202)y(42),  a(n) = ) Pra(2A).
(2A) € Z[V/~5] (2A) € Z[V/=5
(2%,(2)) =1 (2, (2)) = INA = n

6.3. Kosddunuenrsr dyukumii 7(22z)1(2z) un rpeccen-xapakTepbl
monst Q(v/—11)
—1+y/-11

Bce umeannt konbiia Og — miaBable, Ox =< 1,7 >, e ¢ = > .

Ecm « € Ok, to & = a +by,a,b € Z,Na = a> — ab + 3b?, |D| = 11.

Yposens 31oit popmbr pasen 44, gacrora [ = 0.

Paccmorpum moyns 9 = (2).

Yposens sToit popmbl pasen 63, gacrora [ = 0.

Ecmu ((a), M) =1, To & ~ a+ b7y, rae a u b ya0BIeTBOPSIOT OJAHOMY U3 CJIE/YIOIUX TUIIOB:

(mod 2),
(mod 3),
(mod 2),

(mod 2),
(mod 2),
(mod 2).

11l
N e R
St
N1
O = =

——
ESTIERS BN

Nckomblit xapakTep paBeH

1(mod 2), b
0(mod 3), b
1(mod 2), b

1(mod 2),
1(mod 2),
0

Gs, a
¢15((“)) = é’Z/ a
a (mod 2).

1
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[Tosryaaem

) 15((@)) ™M) = 3y (222)(22), a(n) = Y P15((a)).

(x) € Z[y], (x) € Zly],
1 (0,2) =1

Noa=n

7

6.4. Koaddummentsr byukumii 7(23z)1(z) u rpecceH-xapakTepbl
monst Q(v/—23)

Yposeus dopMol pasen 23, gacrora [ = 0.

—-1++v/-23
—

[Tycrs C; — xutace rmaBHBIX uaeasoB, Cpy, C3 — Apyrue KIacChl UIeaI0B.
Ecm ngean A € Cy, To A € Ca.

Monyab xapakrepa I = (1).

MckoMblii XapakTep paBeH

hg =3. O =< 1,7 >, e v =

1, 2Ae€(Cy,
Pi6(A) = ¢ 03, A€y,
C%, A e Cs.

[Tosryaaem

)3 Pro((2)e™ N = 1 (232)(2), a(n) = Y ().
() € Z[v], (061)\16 Z[v],

7. KoaddunmeHTbl MyJbTUNIINKATUBHBIX 3Ta-MPOU3BEIeHUIT
1 CyMMBI 10 xapakTtepam I'ekke

Jitst ocTaBIIUXCSA ABEHAIIIATH MYJIbTUNIIUKATABHBIX 3TA-TPOU3BEIEHUIT MHTEPIIPETAIINS IPAMO
110 TeopeMe ['eKKe HEBO3MOXKHA, TaK KaK JOJIPKHO BBIIOJIHATHCs ycaosue a(p) = 0, ecitn p MHEPTHO B
k. Ho mst moseit K, KoTopble MOXKHO TOA00PATH O YPOBHIO (POPMBI, 3TO yYCJIOBUE HAPYIIIAETCS.
s koaddurmenToB Bcex ocraiabHbIX dyuknuit MaxKest, kpome 1724(2), MOXKHO HAUTU POPMYJIBI,
coJiepaKaliiie CyMMBbI OT XapakTepoB ['ekke.

Teopema 7.1.1.
Mycrs g(z) = Yo 4 a(n)e?™" — onna us dbymxmmit MakKes:, ykazammex 5 Tabmune 7.1

Torma
a(n) = y Y i) (N@)? Y i(B)(N(B)),
j1—|—j2(m—1) = nm, NQl:jl, N%:jz,
n=>1jp>1 (2A,9m) =1 (B, M) =1

rje xapakrep ['ekke onucan B maparpadax BbIIe U acCOMUpPOBaH (10 COOTBETCTBHIO ['ekke) ¢
koabdunuentamu napabosndeckoit dhopmsl f(z). B rabmuue 7.1 ykasanst nueasnst A, B, 9 B kosble
nestbix mostst K u mapamerpst m u [

doka3zaTesabcTBO.

Sta dopmyia caeyer u3 pasercrsa g(mz) = f((m —1)z)f(z) u Hali/leHHbIX BbIle BBIPAXKEHUIT
koaddurenTon f(z) yepes xapakrepsl I'ekke.

3ameuanue 1.

Tax Kax ofHy U Ty Ke MapaboInIecKyo (OPMY MOXKHO BLIPA3UTH PA3HBIMU CIIOCOOAME, TO MOXKHO
HA OCHOBaHUU TeopeMbl 7.1.1 MOJIyInTh HECKOJIBKO PABEHCTB, COJIEPKAIIUX CYMMBI C XapaKTePaMu
lekxe. Hanpumep, BepHa ciiemyrorias hpopMyIIa.
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Tabsma 7.1

Table 7.1

~l | Il ¥ S|l v DY~ N] o] o
= N N N N = N N N N N N N N N R R R
~ O OO ||| |A | H|H |+ |4 QNN AN M
Slo|d|o|m |t (n|la |V cajojw|df|lo|a|m|F || |o»
2 [ |2~ [ o
Slo o |F | o|w|Cola|o|a|o x|+ + o e e
S |~ [~ |~ |~ |~ |~ |~ | ~~ |~ S— | N~ | ~—
K\ R\l =
((((
))))))\h))))))))))))
(SO 11 'O TN I TaN BN 11 S oN B o o B | N | e B (1K O R | o B [ (S ST L B S O B Lo B ([ S B [ Lo B [ SO B | Lo B 1 9
K_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
(((((((((((((((((((
oo o000 |g|@|0|C0o|00|0 oo |oo|c
SRR R RS J
N N R R T e N B Tl Bl I Rl N S O I e e L e
SR R R R S S S S R N N C I N N i
Z\l/\l/\l/\l/\l/\l/\l/‘l.\I/1AWU/OW/O,A_AWA_AOJ
~— I~~~ | ([~ [~ [~ [~
S A A N N N = R N Pl Kol vl Rl fovagll ol Rl ol
~l®w [0V |— [V ||| |o|a
()W e OB IR~ oo B IR~ i IR~ (VO I~ BN
N AN~ N[N SN = | = = ~
Al RS RN Sl RSl R e = = | = = =
—~ |~
slwlwlzlgls IO
HEEEREE =&
N | N | N | N NN ~I'N N —
332222((222222222 N
((((4422(((((((((\)(
~|ls || | S s o e e e e T I e e A IR
Z))))ﬂn))nnnnnﬂﬂnnzn
v T T T N N B B B s S O S O S O S O I O el Erwll S O RSO P N
((((661100335443312
N R = 10 1 Rl Nal gl ol g R N gl el B P
T < |
SN S S A SRR N NN R S R S e =
o (. |t | <H N[N
A ARA AR O |
E R R = & &
== = | =

I
=Q
=
=
i
S
=
PN ey
A
Z 9
=
LO
S-
i

X

NQll =1
(21, (6))

=
O Al
(e
[d.a™
B —
+ Al
— .3

=
a
=
=
i
Q)
=
Z%Q\
Z8Q
=
33
=
=
—

L

N2l = j;
(Az,(2))

)y
=A4n,

J1+3)2
1>1j>1

B mepgoit TpoiiHOII cymMMe pacCMaTPUBAIOTCH HIAEAJBI B KOJIbIE IEJIbIX I10JIsd Q(\/ —3), a BO

BTOPOii — B KOJIbIle Hesbix 110011 Q(1/—5).

1(20z)n(4z).

1(182)1(62), fa(2)

1(152)1(52)5(32)1(2), f1(2) =

3amMmeuyanue 2.

Sra dopmyna cemyer u3 roro, uro g(6z) = f1(5z), g(4z) = f2(3z),

rae g(z)

Wcnonb3ys coornomenust Mex 1y nepsbiMu 16 popmMamu, MOXKHO HOJYIUTh COOTHONIEHUS MEXK LY

xapakTepamu ['ekke.

*(82)n*(4z), f(z) =n*(122).

Hanpuwmep, nycrs g(z)



Bocxpecenckan I'B. 06 apupmemuneckots npupode Koahhuuuemos MysomuniukamueHoir Ima-npou3eedenu
Voskresenskaya G.V. On the arithmetic nature of coefficients of multiplicative eta-functions

18 u3 21

U3 pasencrsa g(3z)

= f(2z)f(z) monyuum

) Vi ((a)) = )3 o=
(a) € Z[i], (a) € Z[i],
a = 1(mod (1+1)3), a = 1(mod (1+1)3),
Na =n

Noa=n
Y ). ¥1((a)) )
jitp=3n (a)€Z[i, (B) € Z[i],
((a),(6)) =1, ((B), (6)) =1,
Na = j; NB =2

$1((B))-

8. MyabTuIyimKaTuBHbIE 3Ta-IIpou3BeieHud U cyMmbl [1Iumypbl

B crarbe aBropa [10] naxomsrest apudmernaeckue GopMyIibl, BKodaone cymMbl [umypsr or
K03 PuImenToB 3tux Hopm

Onpegaenenne. [Iycrs a(n) — apudmernveckast GbyHKIUs, ¢ — HATYPATLHOE THCIIO
Vm > 1 Cymma Hlumypsr Sh(m, a,c) onpenensiercs opmyiioit

mac ; <m_]>

IIycrs p — HedeTHOE IIPOCTOE YUCIIO

Teopema 8.1.1.

— MyJIBTUIUIHKATHBHBIE [J-IPOU3BEEHHsI, yKasaHHble B Taburuie 8.1, TOra NMeIoT MeCTO CJIeLyIOIre
coorromenust st cymMm [HMumypst mist a(n) u b(n)

Teopema 8.1.2.
IIyctn

B sroit ke cTraThbe moJIyUeHbI TeOpeMbI, CBsI3bIBaomue cyMmMbl [Ilumypsr ¢ apudmeTnkoit KBaapa-
TUYHBIX IoJieil. Hampumep, TaM npuBeieHa caeayrolias TeopeMa

f(z) = n(162)n i n)q" € 51(128, x).

) Ecin p pacmeruisiercst 8 Q(v/—1) u B Q(v/—2),
p= 4Sh2(p,a,1) —
2) Ecmu p uneprao B Q(v/—1), To

TO

2Sh(p?,a,1) + 14Sh(p,a,1) — 5.

p = —2Sh(p?a,1) — 1.
3) Ecau p pacmemsiercss B Q(1/—1) u nneprao Q(v/—2), To

p= 4Sh2(p, a,1)— 2Sh(p2,a,1) +2Sh(p,a,1) — 1.

B crarbe aBropa [11] mosyuensr Teopembl, cBsi3bIBatoIiue KO3 OUIMEHTHI MyJIbTUIINKATHBHBIX
i 18(2
- Z

sra-iponsseenmit 18(2z)78(z), 7?4 (z) ¢ apudmernkoit neBIX KBaTepHHOHOB ['yPBHIA I TOPAIKOM
B asrebpe Kaum, nmerormuMm cTpykTypy pemerkn Eg



Becmnux Camapcrozo ynusepcumema. Ecmecmsennonayywnas cepus  2025. Tom 31, M 1. C. 7-21

Vestnik of Samara University. Natural Science Series 2025, vol. 81, no. 1, pp. 7-21 19 us 21
Tabsmia 8.1
Table 8.1
f1(z) f2(z) CootrHorenue
721z2)7(32) | 7(162)9(52) | Sh(3p,a,8) + () — Sh(dp,b,7) + ()
7(182)9(62) | n(162)y(8z) | Sh(3p,a,8) + (=) — Sh(2p,b,3) + ()
1(202)n(4z) | n(18z)n(6z) | Sh(2p,a,3)+(3) = Sh(3p,b,5) + ()
72 (12z) n(18z)y(6z) | Sh(2p,a,3) + (5') =25h(p,b,1) +b*(p)
7%(12z) 7(22z)n(2z) | Sh(6p,a,11) + (_71) = 2Sh(p,b,1) + b?(p)
17%(12z) 17(16z)1(8z) Sh(3p,a,8) + (’71) = 2Sh(p,b,1) + b*(p)
17%(12z) 17(20z)1(4z) Sh(3p,a,5) + (’71) = 2Sh(p,b,1) + b*(p)
1*(62) 17%(10z)n%(2z) Sh(3p,a,5) + p = 2Sh(p,b,1) + b*(p)
*(62) n*(82)11% (42) Sh(3p,a,8) +p = 2Sh(p,b,1) + b*(p)
7°(4z) °(62)1°(22) | Sh(2p,a,3) + (51)p* = 2Sh(p,b,1) + b (p)
7°(32) n*(4z)n*(2z) | Sh(3p,a,8) +p” =2Sh(p,b,1) + b*(p)
BriBoabr

Takum obpa3om, B CTaTbe IMOKA3BIBAETCS, UYTO KOIPADUIMEHTHI MYyJIbTUILIMKATUBHBIX 3Ta-
[POU3BE/ICHUIT NMEIOT MHTEPECHYI0 apudMeTuvecKyo uHTeprperannio. VX mpupoma cBs3aHa ¢
apuPMETUKON MHUMBIX KBaIPATUUHBIX 0/Iell 1 apudMeTHKON I'IIePKOMILIEKCHBIX CHCTEM.

Nudopmatiusi 0 KOHDIIUKTE MHTEPECOB: aBTOP U PEIEH3EHThI 3asIBJIAIOT 006 OTCYTCTBUM KOH(DIUKTA
UHTEPECOB.

HutupoBanue. Bockpecenckasi I.B. O6 apudmerndeckoit npupoje Ko3hPUIMEeHTOB MYJIbTUILITUKATHB-
HBIX dTa-npoussesennii // Bectauk Camapckoro yHusepcurera. EcrecrBenHoHayuHas cepusi / Vestnik of
Samara University. Natural Science Series. 2025. T. 31, Ne 1. C. 7-21. DOI: 10.18287/2541-7525-2025-31-
1-7-21.

(©) Bockpecenckas I'.B., 2025
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PazpemmmocTth XxapakTepucTmiecKoil 3a1a4m
C MHTEIPAJIbHBIMUI YCJIOBUSIMM
JJISL TUTIIEPOOJIMYecKoro ypaBHEeHHS

IMyavkuna JI.C.'2, Cmuprosa A.H.

Camapcruti nayuorasvrul uccaedosamenvekut yrnusepcumem umenu axademura C.I1. Koposesa, 2. Camapa,
Poccutickan Dedepaus; lowise@samdiff.ru; ORCID: 0000-0001-7947-6121 (J1.C.); Nabanya@yandex.ru; ORCID:
0009-0007-2925-1646 (A.H.);

Hocmynuaa:  17.02.2025 Amnnoranus. B crarbe paccMmarpuBaeTcs HeJTOKAJIbHAS 3a0a4a Ui THIePOOIImde-
Pacemompena: 25.08.2025 CKOT'O ypaBHEHUsI B XapaKTEPUCTUIECKOIl objacTu. B KadecTBe JIOMOTHUTETBHBIX
Ipunama: 07.04.2025 YCJI0BUI 33 1aHbl 3HAYEHNA NHTEIPAJIOB OT HCKOMOI'O PEIICHUS, YTO JejiaeT HeBO3MOXK-

HBIM IIPUMEHEHHe KJIACCHYICCKUX METOJOB JOKA3aTe/IbCTBa PAa3pEeNIUMOCTH 33 a9H.
Haywnas cmamova IIpenyoxkeHHBIl B cTaThe IOAXO]L IO3BOJISET HAMTU YCJIOBH:, BBIIOJHEHNE KOTO-

PBIX TApaHTUPYET CYIIEeCTBOBaHME He 0oJiee OHOTO PEIIeHUs 3a[a9n, & B IaCTHOM
@ ® cily4yae — IIOJIyYUTb dABHBIM BUJI PEIIeHU.

KurodeBbie ciioBa: rumnepbondeckoe ypaBHEHMe; 3a1a49a [ 'ypca; HeJToKaIbHbIe
YCJIOBHSI.

BBenenue

3aja4n ¢ HEJIOKAJILHBIMU YCJIOBUSIMHE, OJTHOI U3 KOTOPBIX ITOCBSIIEHA CTAThs, AaKTUBHO U3Y4aIOTCS
B HacTosIee BpeMd. [Ipuumn mHTepeca K TaKUM 3ajJadaM IO KpaliHeil Mepe [Be: HUCCIeJ0BaHUE
Pa3penmMOCT! HEJIOKAJIBLHBIX 33/a4 TpeOyeT pa3paboTKi HOBBIX METOJIOB, K TOMY Ke, KaK CTaJIO
sICHO B IIOCJIe/JHEEe BpeMs, MaTeMaTU4eCKue MOJIeIM, OCHOBaHHbIE Ha HEJOKaJbHBIX 3ajladax s
nuddepeHInaIbHBIX YyPABHEHUN, TOUHEE OMMCHIBAIOT HEKOTOPBIE IIPOIECCHI U sIBJICHUS, U3y IaeMble
coBpeMeHHBIM ecTecTBo3HaHUEeM |1; 2|. OmHuM U3 yao6HBIX CIIOCOBOB 3a/IaHus HEJIOKAIBHBIX YCJIOBHI
SIBJISIETCS TIPEJCTAaB/ICHNE UX B BUJIC HHTEI'PAJIOB OT UCKOMOI'O perieHus. VIMEHHO Takue yCaoBUs
3aJlaHbl B 3aJiade, paccMarpuBaeMoil B crarbe. Tak Kak 00J1acTb, B KOTOPOW HINETCH PEIeHUE,
MIPEICTABIIACT CODOH XapaKTePUCTUICCKUN MPSIMOYTOJLHUK, TO TAKYIO 3329y IMPUHATO HA3bIBATD
MHTErpaibHbIM aHaJjoroM 3amuadn ['ypca.

OTMeTHM HEKOTOpbIE CTaThH, MOCBSIIEHHbIC OIM3KUM BorpocaMm [3—11].

1. IlocranoBka 3aJa4n

Pacemorpum B obsactu Q) = (0,a) x (0, ) ypasHenue
Uy + (Au)y + (Bu), + Cu = f(x,y) (1)
¥ IIOCTABHUM CJIEJLYIONIYIO 3a/ady: HaiiTu perenue ypasaenus (1), y/I0BI€TBOPSIOIIEE YCIOBHSIM

P «
[uteydy=o(x), [ u(xy)x = ). @

0 0

Bynem caurarsb, 9T0 K03hDQUIMEnTs ypaBHEHNUsI, ero IpaBast 9acThb, a Takxke GyHknun ¢(x), P(x)
JIOCTATOYHO IVIQJIKUE.

Uccnenosanme paspermunmocts 3a1a49u (1)—(2) HadHeM ¢ BBIBOJA yCIOBHIl Ha JaHHBIE, 00€CIIeTN-
BaloIlle CyIIeCTBOBaHUE He 00Jlee OJHOTO PeIleHUs.
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2. EpumncreBennocts pertenus 3agaqn (1)—(2)

Teopema 1. Ecin Ay, By, Cyy € C (5),ny > 0 u jgist sio6oro BekTopa (p1, P2) BBIIOJHAETCS
HEPaBEHCTBO Ayp% —2Cp1p2 + Bxp% > 0, To cymiecrByer He Gosiee ojHOrO perrenns 3ajgaun (1)—(2).
Dra Teopema JloKazaHa B [4], HO 11 asbHEHIIIEro HaM yI06HO IPUBECTH BKPATIIE €€ TOKA3aTeILCTBO.

JokazaTeJbCTBO.

IIycts u = U1 — up, THE U1, Uy — JBA PA3IUYUHBIX pelrenus. Toraa U yIoBIETBOPSIET YPaBHEHUIO
Dcf=0mu

14

p
/u(x,y)dy =0, /u(x,y)dx =0. (2°)
0 0
Y x
YMuO)HUM paseHcTBO (1) Ha f f u(&,n)d¢dn u npounrerpupyem 1o obiaacru ():
00

o Yy x

B
// Uyy + (Au)y + (Bu) +Cu // u(g,n)dédndxdy = 0.
00

0
Wurerpupyst 1o 4acTsimM, MOJIyIUM, yauTbiBas (2°):

o

B y
//u-l—A /udiy -I-Bx/ud(j
00 0

0

X

—C/udn/udé—l— ny /y/ud(fdiy dxdy =0, (3)
0

OTKy/Ia U cjeayet, 9o U = 0, TeM caMbIM yTBEPXKJEHUE JTOKA3aHO. 3aMETUM, UTO YCJIOBUE €JIIH-
CTBEHHOCTH pernenns ypapnenns (1) B ciywae, ecmu Ay = 0, By = 0, npusomuT X TpeboBanmio
C = 0. [eiicTBUTEBHO, €CJIN HET JIONOJHUTEBHBIX YC/IOBUM, HAIPUMED ONPAHUYIEHU Ha pa3Mep
nn Kouduryparuio obaactu (), To HET U TAPAHTUN €IUHCTBEHHOCTH PEIIEeHUs JIJTsT TIPOM3BOIbLHOM
C(x,y), uro nokassiBaer npumep B crarse [4]. Haitgem ycioBust, Ipyu BBIIOJHEHNH KOTOPLIX U B
9TOM CJIydae 3a/7ada mMeeT He 0ojiee OHOTO PEITeHNs.

Teopema 2. Ecin max C(x,y) < TO CyIIeCTByeT He 0ojiee OTHOTO DENIeHUs 3aJan

0

(1)-(2).

dokazaregbcTBO.

2
“2+ﬁ32 I

Paccmorpum Teneps (3) B ToM ciydae, korga Ay = By = 0.

o y Vv x

/ﬁ/ ” - xy/“d’?/“dCJr 5 Cuy //udédn dxdy = 0. (4)
0 0

0

U3 (4) npu ycnosun Cy, > 0 BBITEKaeT HEPaBEHCTBO

o« YV x

/ﬁ/ {”2+;ny<//udédn)z]dxdyg
0 0 00

y x
/ud /ud
0 0

o

B
<[ [iceyl
00

¢|dxdy (5)
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nin
o ,B Yy x

B «
//uzdxdyg//bcxﬂ //ud@dn ]dxdy—l—
00 00

00
o

b
+//]C(x,y[/yud17 /udg;
0 0 0

0
ecrm yciosue Cyy > 0 He BBITOMHEHO. 3afiMeMca cHadaTa HepaBeHCTBOM (5).

dxdy, (6)

B cuuy ycnosust Teopemsbr 1 naiinercs aucao Cp > 0 rakoe, aro max|C(x,y)| < Cp. Ilpumennm
Q

Y
/ud;y

0

HEpaBEHCTBO Kormn:
X

/udé‘

a 3aTeM HepaBeHCTBO Komu — ByHSKOBCKOro K KaXKJ0My cjaraeMoMmy IpaBoit yactu. [losyanm

;(/yudiy>2+;(/ud§ ’B/ 2d17+2/ u?de.

0 0

y

/ udy) ‘i1 / udg)

0 0

Torga (5) mpuanMaeT BU:
x B a

// W2+ cxy /y/udéjdiy | xay < //(;Ooc + PP)uldedn,
0 0

U, CJIeJI0BATE/ILHO, €CJIN
C
7:1—70(oc2+52) >0

1o 4 = 0 ¥ €AUHCTBEHHOCTL yCTAHOBJICHA.
Takum obpaszom, ecim Ay = By = 0 u Cyy > 0, To He MOXKeT cylecTBoBaTh GoJIee OJIHOTO
pEeIIeHNsI, eCJIn

2

Co < 70(2%—,32'

Ecoun nepasencrso Cyy > 0 He rapanTHpOBaHO, TO PACCMOTPHM HepaseHcTso (6).
ITocnenmee caaraeMoe IpaBoil YaCTH MBI ONEHIJIN BBITIE. PaccMoTpuM mepsoe ciaaraeMoe. Ecm
Cyy € C(Q)), 1o maiinercs uucao C; > 0, Takoe, 4TO mgx\cxy] < C;. K unrerpany

( O/y O/x udr’jdn>2

npuMeHuM HepaBeHCTBO Ko — ByHsSKOBCKOrO HECKOJIBKO pas:

X

([ Jussan) < [on | (oo

0

Y x
2 2
§O/d17// d§d17<oc[3// W2dxdy.

Torna

X

B a y
/ Cal( / / udgdy ) dxdy<C1— / / Wdxdy.
00 00

N =



Becmnux Camaperozo ynusepcumema. Ecmecmeennonayunasn cepus  2025. Tom 31, Ne 1. C. 22-33
Vestnik of Samara University. Natural Science Series 2025, vol. 81, no. 1, pp. 22-33 25 u3 33

YuaursiBast BTopoe ciaraemoe B (6) 1 ero OIeHKy, oIy diM

B«

/ / uzdxdy <

0 0

1 (lx _|_’B 2[32

/ / wdxdy.

HOSTOMy B 9TOM cCJjly4da€e €IUHCTBECHHOCTDL pPEIICHUA 6y,HeT rapaHTUpOBaHa, €CJIM BBIIIOJITHEHO HEpa-

BEHCTBO

2022
1-— %CQ(OCZ + ,52) - %Cl > 0.

3. CymecrBoBanue pemenus 3amaqan (1)—(2)

CyriecTBoBaHIE DeIlleHUsT 3aJa9u ['ypca ¢ MHTErpaJbHBIME yCJIOBUsIMU JiJisi ypaBHeHus (1)
B BecbMa 00IIeM cirydae JIoKa3aHo B [4]. 3iech ke Mbl paccMOTPUM YacTHBIN ciydaii (1) u mosmyanm
dopMyITy pereHus.

PaccMorpuM B KavecTBe 4aCTHOIO CIydasi ypaBHEHUE

”xy(x/y) + A(y)ux + B(x)”y + A(y)B(x)u = F(x,y), (7)

a MHTErpajbHbIE YCJIOBUS OCTAHYTCS MPEKHUMH.
[Monb3ysick Bugom Ko dunuentos, 3amuimem (7) Tak:

2 (uy + Aly)u) + B(x) (g + Aly)u) = F(x,).

Bsenem dyukmmio
uy +A(y)u = V(x,y).

Torma mmeeM /1Ba ypaBHEHUS:

Vi + B(x)V = F(x,y),
uy + A(y)u = V(x,y).

PaccmarpuBast Kakioe n3 HIX Kak OOBIKHOBEHHOE nuddepeHInajIbHoe ypaBHeHne, Oy IIM Pele-

HUS:
f @)\ - [ B
Vix,y) = C1 +/F ¢, y)e dC)e 0 , (8)
y FAG)ay J A()a
n)an - n)an
uxy) = (Co0) + [Vixme " dy)e o (9)

re C1(y), Ca2(x) — npoussoububle dyrkiuu. IIpeobpasyem (9) ¢ ydaerom (8). IIpusegem HeKOTOpPBIE
BLIYIHICIICHIS:

) efofyA(wdn . (x)ej‘Amdn +efA(n>dnjB(¢)dc/yC1 (ﬂ)eowa')dn’ s
0
[ Atpdn—] B@de b3 fBg/d§’+fA
ted T [reme " agdy =
00
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JB@dz—f Ay G J AG)
- - n)an n)an
=e 0 (Cz(x)e0 +/C1(17)60 d17>—|—
0
Aty ] @z 4% J B@)de+ | Gy
we o T [ TR pe 0T azy,
00
O603HaUYUM )
I B@)dz
Ca(x)e0 = f(x),
y 1
JA@dy
/Cl(n)eo n=2g)
0
Torna
X Yy
— [ B(&)dz— [ A(n)dy
u(xy) = (f) +g))e v 0+
[ Ay [ B@)ac 7} F B@)d+ | Al )y’
ye o //F(C,n)eb o T gy, (10)
0 0

Bropoe ciaraemoe npasoit yactu (10) usecrro. O6o3naunm ero R(x,y). opmysa npuobperaer Bu

X Y

uey) = (@ +3w)e o LR ) (1)

Haitnem f(x) n g(y) u3 ycnosnii (2), npumenus ux x (11):

y x y o

— [ Ay § — [ B@)dE — [ A(pd ~ [ B
eﬂfﬂﬂ/f(x)eof dx—l—eofﬂﬁg(y)/eﬂf
0

o

0
“fe@ac B - famar - fe@a § - fama
e 0 f(x)/e 0 dy+e © /g(y)e 0 dy +
0 0
B

OTKy/1a, 0003HAYNB
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HIOJIY YUM

s = sy~ L o0 1" (12
0

OueBnunblit myTs Haxoxaenus f(x) u ¢(y) — cBemenue (12) K UHTErPAJILHOMY YPABHEHUIO OTHOCH-
TesIbHO ofHON n3 dynkiwit. Ho MBI HoiijieM ApyruM ImyTeM, 3aMeTHB, 9TO HOC/Ie MOJACTaHOBKY (12)
B (11) moyumm cooTHOIIEHNE

B y
1 1 1 — [ A(n)dn
u(xy) = [pSp0) +,Sey) =5 [ge o dy—
0

R(x,y), (13)

rJie IPUCYTCTBYIOT MHTErpAaJibl, cojepzKaiue npoussosibubie dbyukmuu f(x) u g(y). Oupenennm

- B ~ [ Aty

CyMMy 9TuX HHTerpasos u3 (12). YMuoxuM neppoe pasencrso (12) nae 0 , BIOpOe Ha € 0
¥ IPOMHTErpupyeM, cooTsercTBerHo, o X € [0,a] u y € [0, B]:

X X X v

ro - [BEdE i - [ - [ B ~ [ Al
/f(x)e Of dx:lly/e g dx——/ g / (y)e b[ ! Udy,
0 0

B y B y B y

— [A(n)d - [A(n)d — [A(n)d — [ B(§)d¢
[ste 1" ay =1 [0 s pay - [ [ et
0 0 0

1 1

quTbIBaH BBC/JICHHDbIC O603HaquI/IH U YMHO2KUB, COOTBETCTBEHHO, Ha — U E, 6y,£LeM NMETHh
[ B LG 1 [ A
— [ Aly)dy
[ fx)e ab/ o >dx—5/g<y>eo ,
0
[ Ay " A : | B@)de
a _
b/g e 0 1})/60 )dy—}z/f(x)eo dx
0 0

Zab/ o 117/ RRCEr (14)

Teneps, nogcrasus (14) B (13), moIy<InuM pelieHne 3a1atu:

1 ~ [ Al

u(xy) = (2sﬁ<x>—2abo Sye 0 dy - LSuly) -
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x X Y

— [ B(§)dg — [ B(§)dZ— [ Al(n)dy
Zab/sﬁ e 0 dx) Xe 0 0 + R(x,y).

Pacemorpum eme oun yactblil ciay4daii. [Iycts A = B = 0, B aToM ciryuae 3ajada (1)—(2) umeer He
6oJiee OIHOTO PEIEHNs, eCIN

C
70(1 —I—ocZﬁZ) <1, Cy= mﬁax|C(x,y)|.

eiicTBUTENBHO, TIPE/IIIOIaras CyIeCTBOBAHNE JIBYX PA3JIMIHBIX PEIEeHUN U1, Uy JJI UX PA3HOCTH
MIOJLY YAM

Uy + C(x,y)u =0, (15)
o

u(x,y)dy =0, /u(x,y)dx =0.
0

YMHOkeHHe paBeHCcTBa (15) Ha u(&,n)d¢dy u narerpupopanue 1o obsactu () IPUBOAUT K

OY—x

{uz + Cu /y /X udé‘dﬂ dxdy =0,

—=

/ﬁ
0
U3 KOTOPOT'O CJIEAYyEeT HEPpaBEHCTBO
ﬁ o ,B o v x
//udedyg//|C||u| //udc’jd;y‘.
00 00 00
PaCCMOTpI/IlVI IIpaByYIO 9aCTb 9TOI'O HEpaBEHCTBa U OIICHUM €TI0
B a Yy x
[ [iciul| [ [ udzan| <
00 00
14

Co B a C p v ox 2
< 7// 2dxdy+70// <//ud§d;7> dxdy.
0 00 N0 O

[Tpumenus unepaserncTBo Komm — ByHSIKOBCKOrO, Moy Inm

0

X

Ba v
2
0/0/ O//udc’jd;y dxdy < o*B? // u-dxdy.

%(1+0¢2,l32) <1

CJIe,ZLOBaTeJH)HO, eCJIn

To u =0.
[Tycrb 910 yemoBue BoinosHero. [TokazxkeM, uro pemienue 3amaqdu (1)—(2) B 9ToM cirydae CyIecTByer.
VYpagprenue (1) 3anuinem B 9TOM 4aCTHOM CJIydae:

uy = F(x,y) — C(x,y)u.

TOI‘,ZLa, €CJIn CyHIeCTBYET €ro pelleHne, To nMeeT MEeCTO COOTHOIIIEHUE

Yy x v x
u(x,y) =f(x)+g(y)+//F(€,f7)dédﬂ—//C(C,n)u(m)dédﬂ-
00 00
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[Tpumennm ycmosus (2) st oupenesnenust f(x) n g(y):

[ rsiscsato+ [ [ [ e masants-
0 000

Yy x

B B B x
ﬁf(X>+/g(y>dy+///F(Cﬂ7>dCdi7dy—//y/C u(g,m)agdndy = ¢(x).
0 0 0O 0 0

C(¢, mu(¢, n)dédndx = ¢(y),

\a
St —<
o

0

Torna

1 B B v «x B vy

0= o~ oo | ] rmcins= | |
0 00 00

Y

g(y)zi[lp(y)—/f /a/y/xpqugdqu///xc (’,‘Udé‘diydx.
000 0 0

[Ipoeesst HEKOTOPBIE TTPeOOPaA3OBAHUS, TIOJIY UM

C(&,nu(g, ﬂ)dédﬂdy

~

O\R

X

B
- 118////(75;7 C;ydgdndxdy+;//y/c<fﬂ (G, m)dgdndy +
000

a YVox ¥y x
+i///C(élﬂ)u(gzﬂ)dgdﬂdx—//C(C,q)u(é,q)dé’dﬂ_|_G(x/y)/ (16)
000 00
rmae 1 1 1 A
Gxy) = B(W)_@ ty+ o5 [ [ [ [ F@macanaxdy -
0000

By «x
///Pé‘ﬂdé‘dﬂdy+¢ %
0 0O

[Tpeo6pasyem nepsbie Tpu uHTErpasa u3 (16)

x y x

7 [ e i | ez
00 0 0

\&

‘m\»—\

o

///CCW Cﬂdédndx—///cgn quxdé‘d;y:/y/ Ju(&,m)dgdy.
00

AHaJIOI‘I/ILIHO IOCTYIIUM C ABYMdA JIPYT'MMU UHTETpalaMU U IIOJIY YUM

B«
;//ﬁ 7) (& — &)C(E, )&, n)dedy + - //oc— C(& n)u(E, n)dzdy +

x B Y
ﬁ//ﬁ NCE (@ e — [ [ C@nuE ey +Glx,y). (1)
0 00

X

Takum 06pa3oM, Mbl nokazasu, 9to ecsu u(x,y) — pemenne 3agaun (1)—(2) B cayuae A =
B = 0, To ona ynosiersopsier u ypapHenuto (17). Ilycrs Tenepn (X, ) — pelieHne ypaBHeHHsI
(17) u mmeer npousBojHbIe, BXojsnme B ypapuerue (1). Torma, muddepenmupyst pasercrso (17)
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U yYUTBIBas BBeJEHHBIe 0003HavYeHust, npuieM K (1)—(2). Tem caMbiM MBI OKa3asM, 9To 3a/a49a
(1)=(2) mns cayaass A = B = 0 u oneparoproe ypasaenue (17) S5KBUBaJIEHTHBIL.
Bammmem (17) B Buje

u—"Tu=G.
Herpyano yGemurbesi B Tom, uto omeparop T Brosme mempepbiBeH. [leficTBUTENBHO, IIyCTh
max [u(x,y)| <M, u(x,y) — mobasg bynkuust uz C(Q). Tak Kak 1o ycjoBuio TeopeMbl Koabdu-
Q
nuent C(x,y) veupepsisen B (), To Haiinercs ¢ > 0, Takoe, uro max |C(x,y)| < ¢o. Pacemorpum
e}

mHOKecTBO dyHkmit w(x,y) = T 1 1OKazKeM, UTO BBIIOJHEHbI BCE YCJIOBUS TeOpeMbl ApIiesa.
JeficTBUTEILHO, JIETKO BUJETH, YTO

o

P
)| < g5 [ [(B=ma=DICE (@ n)ided+
0 0

X o

p y
- O/O/ﬁ mICE 1)@ ) \dédwiofo/a— )IC(E ) ()G +

=~

Y x
+ [ [10@mlu(@mdedy < 4apeoM.
00

D10 o3HAUaer, 9To dyHKIME W(X,Y) PABHOMEPHO OrDAHUYIEHBL.
Hamee paccMoTpuM

V2 a

(2, 12) = (1, 11) / / = §)C(E )u(E, )dedn-+

Y2 xo Xy N1

/3//5 n)C(&,n)C(E, n)u(Z, n)didy — //CCU w(&,n)dédy — //ng (& n)dndé,

OTKY/Ia
|w(x2,y2) = w(x1,y1)| < 2coM(alyz — y1| + Blaa — x1])
mwapn |x —x1| < 5, |y2—wm| < § |w(xa,y2) — w(x1,y1)| < e tae 6 BEGpano Tak, uTo HPH

V(xa—x1)2+ (y2 —y1)? <38 2gcoMé < e. Tlosyuennble ONEHKN W NPOBEICHHbIC PACCY 7K ICHUS
IPUBOJIAT K YTBEPKJICHHIO, 9TO onepaTop T SB/SeTCS BIIOJIHE HEITPEPHIBHBIM.

SakJ/IroueHue

BameruM Teneph, 4To OJHOPOAHAs 3a1a4a (1)—(2) onucaHHbIM BbIlie 06pa30M CBOJIUTCS K OJI-
HOPO/IHOMY OIlepaTOpHOMY ypaBHeHuo U — Tu = 0, KOTOpoe B CUIIy JIOKA3AHHON €JIMHCTBEHHOCTH
pemmenns 3ajaun (1)—(2) MOXKeT UMETb TOJILKO HYJIEBOE PeIlleHne. TO 03HAYAET, YTO B CUJLy TEOPEMbI
®penrosbma orieparopHoe ypasrenue (16) paspennmo, IpudeM CyHIeCTBYeT eJIUHCTBEHHOE ero
pemierre. Ho Torja B cuity sKBUBaJeHTHOCTH paspermnma u 3aja4da (1)—(2), Tak Kak JIerko BUJIETb,
9TO pellleHne OLEePATOPHOro ypasHeHust, GyHKIms U(X, YY), NMeeT IPOU3BOIHY O Uyy-

Nudopmanusi 0 KOH(IMKTE HHTEPECOB: aBTOPHI U PEIEH3EHTHI 3AABJISIOT 00 OTCYTCTBUU KOHMIHKTA
UHTEPECOB.
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Awnnoranus. Pemenne 3a/1a9 TemioMaccomneperoca mpu MUKJITIECKOil 0opaboTke
mapoM Tpu3abOHON 30HBI TOOBIBAIOIIINX CKBAXKUH MTO3BOJISIET YIIPABJISITH IIPOIEC-
COM HM3BJIEUEHUs] BBICOKOBS3KOI Hedpru. Ha oCHOBe pasBuTHSs 1TOIXO0/I0B MEXaHUKHI

MHOrO(da3HBIX cuCTeM CHOPMYJIMPOBAHA MAaTEMaTHIECKas MOJIEJ]b U MIPEJJIOKEH

Hayunas cmamovs KPUTEpHUaIbHBI METO/I ONpee/IeHIs] BpeMEeH! HarHeTaHUs Mapa B TpU3abOHYIO
® 3ony. B pamMkax 3TOro MeTojia ONnpeaessIONMMU SIBJISTIOTCS CJISYIONIIE ITPOIECCh:
@ TEIIOOT/Ia4Ya B KPOBJIIO U IIOJOIIBY ILJIACTa, YBEJUYEHNE BOJOHACHIIIIEHHON 30HbBI TIPU

HEIPEPBIBHON 3aKadKe W HAJMIHE TIPEJELHOIO IPAMEHTa JIABJICHUS Y HEHBIOTOHOB-
cKoii kujkoctu. PaspaboranHast Mojie/ib OblLiIa allpOOUPOBaHA HA CHHTETHYECKUX
naHabixX. VlceaeqoBaHbl IUHAMUKY PA3BUTHS TEIJIOBOIO, TAPOBOIASHOTO U BOJIOHE-
drsHoro GpoOHTOB MPH HATHETAHUM B PaIMaIbHON ITOCTAHOBKE 3a7atu. [IpoBeaena
BepudUKAIUsT MOJEJM Ha OCHOBE CpaBHEHMSs I0JIy9IeHHBIX PE3YJIBTATOB C pacyeTaMu
B IAJIPOIMHAMUYIECKOM CHMYJISITODE.

Kirouesnlie cioBa: TEIlJIOMaCCOIIEPEHOC; @aSOBbIe nmepexo/abl; IoA3eMHasA
THaApoOMeXaHnKa; KOHBEKTUBHBIC IIOTOKH; (bI/I3I/IKO—1\fIaTeMaTI/I‘IeCKO€ MOIEJINPOBAHUE;
MeTO/bl YBe/JIMYEeHUA HeCI)TGOT)ILa‘{I/I.

BBenenue

Boicokne TeMIIbl CHUZKEHUS 3aI1acoB JIETKOU3BIEKaeMOl HeTH 00yC/IaBINBAIOT aKTYaJIbHOCTD
pa3paboTKu MeCTOpPOXKIeHuit ¢ BhICOKOBs3KOiT HedThio. [Taponukmnyeckast oopaborka (I1110) — oxun
13 IIMPOKO UCIIOJIb3YeMbIX MeToI0B yBeiundenns: Hedreornaun (MYH) B Poccun u mupe. Dror mertos
SABJIFETCS OJHUM U3 IIEPCHEKTUBHBIX B Oyayineil pa3zpaboTKe MeCTOPOXKICHUI ¢ HePThIO BHICOKOM
BSA3KOCTHU. JJaHHBIA METO IIPUMEHSIETCS ¢ CEPEIUHDI JBa/IIATOI0 BEKa, HO, HECMOTPS Ha IIPOIOJIKH-
TeJbHYIO MPAKTUKY €ro MPpUMEHEHHsI, B KadeCTBe 00bEKTOB pa3spabOTKU BBICTYIAIOT MECTOPOXKIEHUSI,
OTBEYAOIIHE YCTOSBIITUMCS KPUTEPUSIM YCIIEITHOCTH TaKuX MeponpusaTuii. [Ipomomkarorcs paboTh
1o MoaudUKAIA U COBEPIIEHCTBOBAHIIO KaK CaMoro Meroja ((hopMupoBaHne MaTeMaTHIeCKUX,
SMIMMPUIECKUX U (DUNIECKUX MOJIesIell, NCIOJ/Ib30BaHe PACTBOPUTEIEH, AHAJNS U YIeT BJIMSTHUSI
mapaMeTpoB Ha IpOTeKaHne PU3NIECKUX ITPOIECCOB, aHAIN3 BIANAHUS (PU3UIECKUX ITPOIIECCOB HA
IapaMeTpPbl HACBIIIEHHOMN IOPUCTOM cpeibl 1 T. J1.) [1-7], Tak 1 HO/X00B K €ro MCIOIb30BAHUIO (KOM-
OUHUPOBAHUST METO/IOB), OJTHAKO Pa3pabOTKa C €ro MPUMEHEHIEM HMEET TPY/IHOCTH M OCOOCHHOCTH.
OcHoBHag 11pobsieMa pa3paboTKu MecTopozkaenuii ¢ npumenenneM 11O — cioxkHOCTD U JjIUTEH-
HOCTDb OIPEJIeIeHUsT TEXHOJOINIEeCKUX IapaMeTPOB, TaK KaK CyIIECTBYIONINE MOIEH He TO3BOJISIOT
OBICTPO, IIPOCTO U KAYECTBEHHO OIEHUTDL HEOOXOIMMBbIE IIapaMeTpPHhL.

[Taporukmaeckas 06paboTKa OTHOCUTCS K TEIIOBBIM MeTOIaM yBeJndeHust Hedpreoraadu. Tepmu-
Jyeckue (TeIoBble) METOJIbI TTIABHBIM 00PAa30M OCHOBAHBI HA CYIIECTBYIOMIEH 3aBUCHMOCTH BA3KOCTH
OT TEMIIEPATYPHL: C MOBBIINIEHNEM TEMIIEPATYPBI BI3KOCTb KUIKOCTel cHuKaeTcst. Cpeji BCeX Terio-
Beix MYH B nmaponukiuke Hambosiee 3p@HEKTUBHO UCHOJIB3YETCsI TEILIOBAs SHEPIHUsI, HO HAIlETeHHA
Ha, IIPOTPeB OTHOCUTEILHO HEOOJIBINX 00bEMOB I1acTa. Kpome Toro, uiest IUKINIeCKON 3aKaIKN Tell-
JIOHOCHUTEJIsT IPUMEHNMA Ha CKBaXKMHAX PA3JNIHBIX KOHCTPYKIINN B COYETAHUN C JIPYTUMHU METOIAMHU.
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[TomMuMO TPyIHOCTEl, KOTOPbIE BCTPEUYAIOTCSI IPH pa3paboTKe MeCcTOpoxKAeHuil ¢ npuMenerneM 11110,
KOTOPBIE OIUCHIBAJIMCH BBIIIE, MOXKHO BBIJIECJIUTH IPOOJIEMbL: 3aBOIHEHIE IPU3a00MHON 30HbBI, CyIIe-
CTBEHHOC ITaJIcHHe J_LG6I/IT3. C TeYeHHueM BpeMeEHU Ha HpO,ZLyKTI/IBHOI\A 9Talle, IIoTepu TEeILJIOBOI SHEepPIruun
B XOJIe TPAHCIOPTHUPOBKU TEILJIOHOCUTEJIS B 30HY IIPOrpeBa 110 cTBoy cKkBaxkunbl. [1I1O maubosiee
pacIpOCTPaHeH B TaKuX cTpaHax, kak: Kanaza, Kurait, CIIA, Poccus, Kyseiir, Tanmann [7-14].

B merone 1110 BhImesiioTest Tpu sTamia npuMeHeHnst. [lepBblil 3Tan — HarHeTaHe TEIJIOHOCUTE/ IS
B miacT. Ha nanHOM 3Tale mpoucxXoJsT IPOrpeB ILIACTa U BhITECHEHHE He(TH IapOM M KOHIIEHCATOM.
B kawecTBe TerIOHOCHTEIST MOYKET BBICTYIIATH KaK CMECh ITapa W BOJbI, KOTOPasl UCIIOJIL3YeTCsI dalle
BCEro, TaK M CJIOXKHAas MHOTOKOMIIOHEHTHAasI CMeCh C J00aBJIEHHEM TOBEPXHOCTHO-AKTUBHBIX BEIECTB,
rasa, rejeii u 1. 1. [2; 7; 15|. B unrerpanpHoii Momesu [3| mpejosaraercs, 9To ONTHUMAJIbHBIM
BPEMEHEM HAIHETAHMS SIBJISIETCS TO, IPU KOTOPOM MOIIHOCTD 3aKaIMBAEMOI0 TEILIa PABHA MOITHOCTH
TEIIONIOTEPb B KPOBJIIO U IOJOIIBY ILJacTa. BTOpOil 3Tam — 3aKpbITHE CKBAXKUHBI HA [IEPHUO
KOHIEHCAIINMN, KOTOPBI Ha3BIBAIOT MapoTerIoBoit mponuTkoil. Ilpum dazoBoM mepexome B 30mHe
KOHJZIeHCAIIUN IIPOUCXOAUT CHU2KCHUE JaBJICHUA, IYTO IIPUBOJIUT K HeHyJ'IeBOMy Fpa‘ZLI/IeHTy JaBJIeHusd B
npu3aboifHO 30He, U, KaK CJIeACTBUEe, IpoucxoauT "BcacbiBanue" HedTH B 30HY mporpesa. Takzke
pu (Ha3zoBOM IIEPEXOJIe BBIIEISETCS TeIIoTa Mapoodpa3oBaHusl, UTO IMPUBOIUT K JIOTIOJTHUTETEHOMY
nporpesy 1uiacra u Hed T (B 30He BbITecHeHHs ). B pamkax unrerpajabHoil Mogenn [3| sabdexkTuBabimM
BPEMEHEM Ha BBLJIEPXKKY CUUTAETCS TO, IIPU KOTOPOM MOIIHOCTH TEIIOTHI (DA30BOI0 IIEPEX0/Ia PABHA
MOIITHOCTH TEILJIONMOTEPD. 1 peruit 3Tam — m00bIua pa3orpeThix Gaona0B. BpeMst 1oObIUN TOXKE MMEET
3 PEKTUBHYIO TTPOIOIKATEIHHOCT, KOTOPasl CBsA3aHA C OXJIAXKICHUEM ILJIacTa U, KaK CJIeICTBHE,
yXyJuienneM (pUIbTPAIMOHHBIX CBONCTB.

CymecTByer HecKoIbKO 0cHOBHBIX Mogeneit [TIIO: Mapkca — Jlanrenxeiima [16], Txxonca [17],
unrerpasibHas [3]. Mogens Mapkca — Jlanrenxeiima onmuchBaeT CKOPOCTb PACIIPOCTPAHEHUsI TEILTIOBO-
ro ppoHTA ILIOMAIHON OXBAT TEIJIOBLIM BO3/elicTBIEM. B Hell ncrno/ib3yercsa paanaabHbIN M0IX0/T
OIIpE/ICICHNAS PACCTOSIHASA TEIJIOBOIO (PPOHTA M PacCMaTPUBAETCS MIACAIN3UPOBAHHBIN TEILIOBOM
IpodmIb, KOTOPBIH MPEICTaBIIsIeT CODOH CTyIIeHIaTyI0 (DYHKIIUIO C OJNHAKOBOI TeMIlepaTypoil B
30HE, OXBAYEHHOI TerioM (BO3MOXKHO UCIOJIb30BaTh npubsmzkenue Jlosepwe [18]). Monens Txkonca
paccunTaHa Ha YNCIEHHOE PeIleHne ¢ IPUMEHEHHEM B OOJIBINEl YacTH SMIIMPUIECKNX 3aKOHOB. JlaH-
Hast MOJIETb UCTIONIb3yeT npubsmzkenue Jlosepbe [18] 1 mo3BosIsIeT ONpeIesIsiTh PsiJl AMHAMAIECKUX
ITapaMeTpoOB. K HpeI/HVIyH_[eCTBaM 3TOI MOJEJIM MO2KHO OTHECTU yqu OCTAaTOYHOI'O TellJia C ITPOMIJIBIX
uk/10B [11O 1 BO3MOXKHOIO BIUSHUS APYTUX CKBaXKuH. VIHTErpaibHas MOJE/b OIUCHIBAET TEMITEpa-
TYPHBIN TPodUIb B BJle KyCOUHO-TIOCTOsTHHON (byHkimu (npubsmxenne Jloepbe). Ona nokassiBaer
Bee sransl [11O u, B ormdne oT Apyrux METOMOB, MO3BOJISIET PACCIUTATH HEOOXOAUMOe (OITHMAITb-
HOE) BpeMsl 3aKauKH, BbIIEPKKHU U J00br4u. Bee mepednciieHHble MOJIE/IH HCIIOJIb3YI0T OTHOCUTEIBHO
rpybble TPpUOINKEHUsT TI0 OTHOIIIEHUIO K PACIPEIEIEHUIO TEMITEPATYPhI U HE YIUTHIBAIOT KOHIEHCA~
[IMIO Ha STalle 3aKa4KN TEIJIOHOCUTEIsI B ILJIACT, BJIUSIONLYIO Ha POCT OOBOJHEHHOI 30HBI. TakxKe
JaHHbIe MOJIE/IN, KpOMe HHTeraJ’IbHOﬁ, He TTO3BOJIAIOT OIIPpEJC/JINTh KOHKPETHBIEC TeXHOJIOTMICCKHEe
apaMeTpbl, HO CIIOCOOHBI OIEHUTh HEKOTOPbIE MaKCHUMAJIbHBIE [TaPAMETPDI.

OCHOBHBIM ACIIEKTOM TIpU (POPMYIUPOBKE MATEMATUIECKON MOJIENN JJIsl IIPOCTOr0, OBICTPOIO U
KAQ9IeCTBEHHOI'O pacyeTa SIBJISIETCs OIpee/IeHrne Hanbo Iee BIUSIONNX [TapaMeTpOB Ha IIPOTEKaHUe
dusnueckux mporeccon. CyiecTByer psifi paboT, HAIIPABJIEHHBIX Ha aHAJN3 3(MPEKTUBHBIX Tapa-
METPOB, CPeJr KOTOPBIX B OCHOBHOM BBIJIEJISIOT: MOIITHOCTD ILJIACTA, IIPOHUIIAEMOCTD, IOPUCTOCT,
BSI3KOCTH, TEMIIEPATYPY, OCTATOYHbIE HACHIIIEHHOCTH, KOI(M@MUIIMEHT TEIIOMPOBOIHOCTH, TEILIOEM-
KOCTh, KO3 DUIINEHT TEIIOOTIAYN, CYXOCTh HATHETAEMOr0 Iapa, CKOPOCTh HAIHETAHUSI, IIPE/Ie/IbHBII
IPaJIMEHT JaBjeHus casura [6; 19-24].

Crout oTMeTuTh, UTO Ha 3P PEKTUBHOCTD TexHOJIormdeckoro mporecca 1110 BaustoT reosorude-
ckre 0cobeHHOCTH paspabarbiBaeMoro oobekra. B pabore [25] onucano BiusiHue pacuIeHEHHOCTH 1
ko3 duimenTa necuanucToctu. [VIMHUCTBIE TIPOCJIONKN (JIMHUCTBIE IEPEMbBIUKH, PACIIPOCTEPTHIE 110
JIaTepaIIn) aKKyMyJInpyoT GoJIbliiee KOJIMYECTBO TEIUIOBOI SHEPruu 3a cyeT GOoJIbIIell TerIoeMKoCTH,
YTO MOXKET CJIY?KUTh JIOINOJHATEILHBIM UCTOYHIUKOM SHEPIUU Ha BTOPOM U TPETHEM 3TallaX IapOIHK-
Jimraeckoit obpaborku. O HAKO abCOFOTHO TOHSITHO, YTO € YBEJUIEHHEM MOIITHOCTH HEIIPOHUIAEMBIX
ITOPOJI, IPU HEM3MEHHOM KO03(b(DHUIEHTe MeCIAHNCTOCTH Pa3pabOTKa CTAHOBUTCA HepeHTabeIbHOM.
YdeT HeOTHOPOIHOCTU U JIETAIU3AIUS ITPUMEHEHUs] TEXHOJIOTUH BO3MOXKHBI IPU (POPMUPOBAHUU U
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peIleHn MaTeMAaTHIeCKON MOJIe/IN, OCHOBAHHON Ha 3aKOHAX COXPAHEHUS MACCHI, UMITYJIbCa W SHEp-
run B auddepennuaabaoil popme. [lenbo paboTsl sIBIsIeTCA CO3mMaHne Takoil Mojesn. BiiepBbie
[IPEJJIOYKEH KPUTEPUAJIbHBIN METO/T Olpe/ie/IeH!sT BpeMeH! HAarHEeTaHUs [apa B MPU3a0OWHYIO 30HY.

B pabore [23| npoBejien psisi ucciieoBaHuii, M0 pe3ybraraM KOTOPBIX ObLIM [OJIyYeHbl BarK-
HbIC€ BBIBO/bI: yBeJII/IquI/Ie TeMHepaTypr IOPUBOJIUT K yBeHquHI/IIO He(bTeOT,ZLaLII/I, npuieM CKOPOCTb
CHIYKEHUS BSI3KOCTH TaK:Ke YBEJIUIMBAETCSI 38 CYeT PACTBOPEHNs achaIbTeHOBO-CMOJIUCTBIX PpaK-
I_[I/Iﬁ He(bTI/I; yBe.TH/ILIeHI/IG MHTEHCUBHOCTU HarHeTaHUsd IIapa IMPUBOJAUT K CHU2KEHUIO He(bTeOTﬂaqH
Ha 0E3BOIHDBIX M MAJIOBOIHBIX IEPHUOIAX, OJHAKO MOYKET IMOBLICUTH €r0 B IIEPUOJ, BHICOKON 0OBOIHEH-
HOCTH; YBeJIMYEHNE CKOPOCTU 3aKaIKU MOXKeT BecTh K 3¢ dekry "mpopsiBa" mapa npu BbITECHEHUT
6ostee Baskux cmeceit; mpu 11O obpas3yiorcst SMyabCUM BHICOKON BA3KOCTH 3a& CUET HAJTATHUS BOJBI
U cojep:KaHusi B HedTH napaduHO-CMOJI0-acdabTeHOBBIX KOMIIOHEHTOB, OTKY/Ia, JIeIaeTCA 3aKJIII0-
YeHMe O TOM, 9TO MPOJOJIZKUTETHHOCTD 3aKAYKN BJINAET HA SMYJILIUPOBAHUE B ILIACTE; YBEIUICHHE
00bEMOB BOJBI B ILJIACTE YBEJIUYHBAET KOHIIEHTPAIIMIO CMOJI U achajabTeHOB B JI0OLIBAEMOI IIPO-
OYKIIAKW, 9YTO TAKKe CIOCOOCTBYET YBEJUICHUIO €€ BA3KOCTH; IOBBIIIEHNE TEeMIEPATYPhl MOXKET
ITOCJIy>KATh KaTAJIU3aTOPOM 00pA30BaHMsI IMYJIbCUIL; ¢ TOBBIIIEHHEM CKOPOCTH HAIHETAHUSA MOXKET
yBe.TH/I‘H/ITbCH BA3KOCTb BBITECHSIEMO KNJIKOCTH. HOqueHHbIe peSyﬂbTaTbI COFJIacyIOTCﬂ C pAa0oM
JIpYrUX uccyaeoBanuii u nabsogenuii [13; 26; 27|, rie 6b11H POBeieHbl PAOOTHI MO ONPEIEICHUIO
apeaeJsia TeKyLIeCTI/I He(bTH. BOHBHII/IM KOJINYECTBOM I/ICC.HG,ZLOB&HI/Iﬁ IIOKa3aHO, 9YTO BBICOKOBA3KUE
HedTH 00/181aI0T CBOMICTBAMU OMHTAMOBCKOM »KHMIKOCTH, HMEIOIIEH XapaKTepHbIN IPaMeHT JaBICHIS
C/IBUTA.

Jlamuble (baKThl TOATBEPKIAIOT MIPEJIIIOIOXKEHHSI O CYIIECTBOBAHNN ONTUMAJJIBHBIX ITAPAMETPOB
3aKaUKU TEILIOHOCUTE sl (CKOPOCTb U TeMIlepaTypa HArHETaHUsl) B 3aBUCUMOCTU OT KOHKPETHBIX
napaMeTpoB cucreMbl. OIHAKO J0 KOHIIA HESICHO BJIUSIHHME OIMUCAHHBIX SIBJIEHUI IIPU MPOMBIILIEHHON
SKCILIyaTallnu cucTeMbl. IIpu 9ToM 0YeBUIHO, UTO IMOJO0OHBIE MCCAEIOBAHNS IIOCIYZKAT PA3BUTHUIO
TEXHOJIOTUI U IPUHIUIIOB Pa3pabOTKH MPHU J00BIYE BHICOKOBA3KUX yIJIEBOJIOPOJHBIX 3aIIaCOB.

1. Maremarndyeckasi MOJIeJIb

MaremaTndeckasi MOJIeJIb ObLIa CPOPMUPOBAHA HA OCHOBE KJIACCHYECKUX 3aKOHOB COXPAaHEHUS
SHEPIUuu, MAaCChl U UMITYJIbCA U MTO3BOJIIET MCCJIEI0BATL IUHAMUKY TEILIOBOro (ppoHTa u (ppoHTa
BbITECHEHUsI (THIpOAMHAMUYIECKOro dhponrTa). Ha ocHOBE pe3ysibTaToB MCCIIeI0BAHUS Da3BUTHS
(prHTOB CTaHET BO3MOZKHBIM OIICHUTDH TEXHOJIOTUYIECKHE IIapaMETPhI: BpEMd 3aKadKU I1apa, BpeMs
KOH/JIEHCAIINN T1apa, PacxXo/l mapa, BpeMs J00b4u, j1eOuT HedTH. DTa MOJIENb YINTHIBAET OCHOBHDBIE
3bdeKTUBHBIE TApaMETPhI, OIPEJIEIAIONINE TPOTEeKaHNe (PUUIECKUX ITPOIECCOB:

(H,3 + Hy(5- V)T — “2(T — Ty) = AAT, (1)
m%: + div(F(Ss)7) = —ISs, (2)
7=— k-(grad(P) —&(pw—ps))
Hs
m%e + div(F(S4)7) = 0, (4) (1.1)
I = ""(T*TO)JrCr'l(.lhfpfrl)'U'Pr'(T *T), (5)
2
F(Ss) = grvpmse (6)
2
F(So) = grmiia 7)

re M — MOPUCTOCTD; Sg — MAPOHACHIMIEHOCTD; U — cKopocThb dubrpanuu napa; H, Hy — ynenbnas
obbeMHas TEIIOEMKOCTD IOPOALI U IIapa COOTBETCTBEHHO; A — TEILIOIPOBOAHOCTL IOPOALl; T —
remneparypa T(T,7,h); I — norok xkongencanum; T — Bpems; F(Sy), F(Ss) — dbynknun Bakmes —
JleBeperra; k — KO3b UIMEHT IPOHUIAEMOCTH; Hs — BI3KOCTH Iapa; P — nasienne; § — yCKopemHne
CBOOOJIHOTO TIAJICHNS; Oy — IJIOTHOCTD BOJIBI; Ps — IIJIOTHOCTD 1apa; & — KO3(MMUIIHEHT TeIJIO0TIauu
HACKIIIEHHON IIOPUCTON CPelbl B KPOBJIIO U HoAomBy miacta; C, — yleJabHas TeIIOEMKOCTh IIOPOIbBL;
0y — ILIOTHOCTH LIOPOABI; | — TelioTa KOHJeHcAanuu; I — MOIIHOCTH ILIACTa; Ps — IUIOTHOCTH
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napa; Yo — BA3KOCTb HEMDTH; Jly — BA3KOCTH BOJBL; Qs — OOBEMHBIH PACXOJ, TEIVIOHOCUTENsT; Ag —
IJIONIA/Ib JIATEPATLHOTO CeYeHHsl IIPOIPETOil 30HbI; P’ — NEePUMETD CEeUeHHUs; mA—’i)(T — Tp) — e,
OTBEYAIONINil 38 TEeIJIOOT/Iady B HEKOJIJIEKTOPBI N3-3a COOCTBEHHOW KOHBEKINHU; 1) — TeMmieparypa
KpoBJn U nogomsbl; 17 — remneparypa B Ttouke T(T + dt,r,h); vV — oneparop Habsa; AT —
JIaIJTACUAH TEMIIEPATyPHOrO IOJIs.

Cucrema ypasaenuii (1.1) paccunTbiBaeTcsl B IIMIIMHIPUIECKON UM JIEKAPTOBOIl CHCTEMAaX KOOP-
guHaT. JlekapToBasi cucTeMa KOOPJUHAT XOPOIIIO IOAXOJIAT JIJIsi MOJIEJIMPOBAHUS TajlePe CKBAaXKIH,
a IMUJIUHIPUIeCKass — JJIsi ONUHOYHON cKBaxKuHBI. Jlaiee OyaeT paccMaTpuBaThCs CAydail OMMHOTHOM
CKBaKUHBI.

MaremaTudecKyio MOJIe/Ib yI0OHO PACCIYUTHIBATD IIPU IOMOIIN YUCIUTEHHBIX MeTOM0B. [Ipu
9TOM BBOJMTCS PsiJl JOIYIIEHUN U YTOUHEHUN: KOJJIEKTOD SIBJISICTCS aHU3OTPOIHBIM W OJTHOPOIHBIM;
pellienre He 3aBUCUT OT a3UMyTaJbHOI'O YIJIa U IIPOTSKEHHOCTU TaJjlepen CKBaXKWH; PaCIIPe/ie/IeHue
U [epeMelleHre TeIJIOHOCUTE s (I1apa) MPOUCXOAUT TIPU (DUKCUPOBAHHBIX 3HAUEHUSAX BI3ZKOCTU
TENJIOHOCUTEJISI U BOJBI IIpu TemiiepaType T1; KPOBJIS U TI0JIOIIBa — HEIPOHUIIAEMbIE CPeJbl; BCe
GITIOUIBI CAUTAIOTCS HECMEITUBAIOITUMUCS U HEC2KIMAEMbBIMU; IIPEJIIOIATaeTCs, YTO Pa3Mepbl 30H,
HE IOJIBEPIHYBIIIUECsST TEIJIOBOM 00paboTKe, MHOTO OOJIbIIIE PA3MEPOB PA30rPEeTOil 30HBI, TOITOMY
OTBOJIIMOE TEILJIO B KPOBJIIO U IOJOIIBY IJIACTA MTOIVIOMIAETCS BCEM 0ObEMOM HE3aIeICTBOBAHHBIX
30H; B IpU3abONHON 30HE MOAIEPKUBAETCS ITOCTOSHHOE JIABJIEHNE; BOJOHACHIIIEHHOCTD B IJIACTE
paBHa CBSI3aHHON BOJIOHACKINIEHHOCTH; OCHOBHOI BKJIaJI B 00pa3oBaHue KOHJIEHCATA BHOCAT TEIJIOBBIE
IIOTOKH, OTBOJUMBIE B KPOBJIIO, TIOJOIIBY W Ha HAT'PEB MOPOIbI; HA dTalle 3aKaUKU ITOTOK TeILIa,
BBIZBAHHBIN (DA30OBBIM TIEPEXOIOM TIEPBOTO Pojia, He CYIIEeCTBEHEH M0 OTHOIMEeHNo K "HarneTaemoit"
TENJIOBO# MoIHOCTH; cunTaercsi, 9ro npu npumenennu [111O BosHUKaOT 3 XapaKTepHBIE 30HbI:
TensioBast, 06BoiHeHHAs, HedTsHAS; B TEILUIOBOI 30HE OTCYTCTBYIOT BCE HECBS3aHHbIE (DJIIOU/IBI,
KpOMe I1apa, B OOBOJIHEHHON — BCe, KPOME BOJIbI; IIPU HATHETAHUU TeMIIepaTypa Mapa B IJIacTe
0/iM3Ka K TeMIIepaType HACHIINIEHUs]; BECh 00PA30BAHHbBIN KOHJ/IEHCAT BBITECHSETCH TEIIOHOCUTEJIEM B
OOBOJIHEHHYIO 30HY.

Omupenenenne a3 dexkTuBHOrO BpeMmeHu mporpesa Ha nepsoM starie [IIO tpebyer xomiuiekca
KPHUTEPHUEB, OCHOBAHHBIX HA TPEX sIBJIEHUSAX: TEIJIOOT/Iade B KPOBJIIO U IIOJONIBY ILJIACTA, yBEJIMIEHUN
BOJIHO# 30HBI [PU HENPEPBIBHON 3aKauKe U CHUKEHUH (DUJIBTPAIMOHHBIX CIIOCOOHOCTEN HEHBIOTOHOB-
CKOW 2KUJIKOCTH.

[Ipeamonaraercs, 9To 3pPEeKTUBHOCTL IPOrPEBAHUS PE3KO MaAeT IIPU OTCYTCTBUN (PUIBTPAIINAN,
TaK KaK OCHOBHOW BKJIaJI B IPOIPEB BHOCUT BBIHY2KJICHHAS KOHBEKI[UsI, a HE TEIIOIPOBOIHOCTD.
Korna rpaguenT naBjieHus: Ha TPaHUIE BLITECHEHUS HEDTHU BOJONW CTAHOBUTCS HUXKE IIPEJIEILHOIO
rpaJineHTa JABJIEHUs CJBUTA, IIap IIEPECTAET PACIPOCTPAHSATHCS BIVIYOb IJIACTA, B TOM CJIydae, eCju
CUNTATh BOJY HECXKMMAEMON 1 He CMEITUBAOIIEHCs ¢ apoM CpeJioit, UTo mpeKkpaliaeT TerIoooMeH
IIOCPEJICTBOM BBIHY?KJIEHHOI KoHBeKInu. VI3 onpenesnenns kodpduimenTa mbe30IPOBOIHOCTH sICHO,
YTO JaBJIEHNE HA I'PAHUIE BHITECHEHUs U3-3a OMHIaMOBCKUX CBOMCTB HedTH OyJeT InpeTepreBaThb
CKa4oK. B njieasibHOM cjlydae rpaHula BLITECHEHUS PABHOMEDPHO JBUKETCS 110 Mepe CTabMIM3aIuu
nasyerust. [lon crabuinzaiueit 1aBjaeHnsi B 9TOM C/Iydae TOHUMAETCs MPUOJINYKEHNEe PAaCIIPE/IeIeHIsT
JIABJICHUSI K CTAIOHApHOMY ciydato. CTalOHAPHDI (yCTAHOBUBIIUIICS) PEXKUM SIBJISIETCS IACTHBIM
U TPEJIeJIbHBIM CJIyYaeM, KOTOPBI onmchiBaeTcs ypaBHernueM Jlamraca. B cranmmonapaom cirydae
pacxoy areHTa HarHETAHWS MOXKHO BBIYHC/IMTD IO ypaBHeHuIo JIIomon, Toraa CKOpOCTh (PUIbTPAIiN
U Teperna/i JaBjaeHus MOT'YT ObITh PACCUUTAHBI, €CJU U3BECTHA ILJIOIIA/b O0JACTH BHITECHEHUS WU
JPEHUPOBAHUS:

190, 0°P,  0*°P
;g(ra?)Jr@ =0, (1.2)

_ 27tkh(P. — Py)

Q= = n(®)

(1.3)
rJie ¥ — pajuasibHas KoopJauHaTa; P — naBjieHne; Z — KOOpAuHATa abCOJIIOTHOI IIYOUHBL; ¥, — PaIUyC
CKBayKUHBI; . — PaJUyCc KOHTYypa nuTanus; P, — napjeHue Ha KOHType NUTaHus; P, — JaBjeHue Ha
3a00€ CKBaYKUHBI.
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Vpasrenne Jlannaca Ay Tb€30IPOBOIHOCTH B IUJIMHIPUYIECKON CHCTEME KOOPANHAT 0e3 ydera
U3MEHEHHs! a3UMYTaJILHOTO yIia (JOIyIIeHre O CUMMeTprn ) 3anuchiBaercs B Buje (1.2). A ypasaenue
Hromron B caMoM IpocTOM ciiydae npuauMaer suj (1.3).

MozkeT BOSHUKHYTB U TaKas CUTYalys, KOIJa Ha IPAHMIE BLITECHEHNS I'PAJAUEHT JABJICHHUA HUKE
Hpee/IbHOIO I'PaJIneHTa JaB/IeHusl CABUra U IIPHU JlajbHeiillell 3aKadke BO3MOXKHO €0 IIPEBbICUTD.
Onnako JanbHelmasg 3aKadKa W YBEIMYCHIEe MHTEHCHBHOCTH MOI'YT OKa3aThed Hed(peKTUBHBIMA,
HepeHTAOEIBbHBIME UM HEBO3MOXKHBIMU 10 TEXHUIECKUM IpuauHaM. 11osTomy npu paspaboTke
TEXHUKO-TEXHOJOTUYECKIE ACIIEKTHI SABJISIOTCA OHOPHBIMHU, KOTOPBIE, B CBOIO OY€PElb, IOJZKHDI
HOJOUPATHLCA UCX0/d U3 IapaMeTpOB TeKydecTd HedpTH.

TemnIoBbIe MOTEPH B IIACTE MPOUCXOAAT U3-3a COOCTBEHHON KOHBEKIIMH BHYTPH MAPOBOil 30HBI, TIIe
nap IUPKY/IMPYeT, OXJIazKIasiCh B OCHOBHOM HA KPOBJIE U OIYCKAsCh JI0 MOAOIBEI [28]. O4eBuiHO, 4TO
IPH PABHBIX MOITHOCTAX OTBOJA W IIOABOJIA TEILIA POCTa Pa3orpeTol 30HbI He nmpoucxoant. CpasHenue
MOIIHOCTEI IIOABONA W OTBOJA TEILIa MOXKET IIPOM3ONTH IO TOrO MOMEHTA, KOIJa IPeKpaTHTCS
BBITECHEHIE HeTU BOIOIA.

HeobxoauMo TakzKe yYuThIBAThL Pa3BUTHE OOBOJHEHHOM 30HBI, KOTOPasl Ha dTale J00L4u Oyaer
IPEIATCTBOBATD IIPUTOKY HEeMTH B MIPOTPETYIO 30HY, U 9eM OHa 0oJbIe, TeM OoJIbIie 00BOIHEHHOCTh
npoaykiun. CKOpoCTb KOHJICHCAIMU Ha HAYAJILHON CTa Uy HAIHETAHUS MEHBIIE CKOPOCTH Pa3BUTHUS
apOBOil 30HBI, U3-3a Y€ro BOAAHAsA OTOPOUYKa MCcTOHUaercs. OIHAKO ¢ YBEJUICHUEM PaJnyca Ipo-
IpeToil 06JIaCTH U IJIOMAIH €€ TEII00OMeHa ¢ KPOBJeil 1 MOJOMIBOI NHTEHCUBHOCTL 0Opa30BaHUs
KOHJIEHCATa BBIPACTAET, & CKOPOCTh POCTa CaMOil 00JIACTH YMEHBINAETCA U B KOHETHOM UTOre BOBCE
CTaHOBUTCA paBHON Hy/o. Ha omeHounoMm sramne mpemiaraercsa cauTaTh 3(p(MEKTUBHBIM TaKoe BpeMs
3aKa4KH, IPU KOTOPOM 00beM 0OBOJIHEHHOI 00JIACTH He HPeBOCXOIUT 00beM IAPOBOIL.

Onucannble SBJICHUS MOTYT (DUKCHPOBATHCA B PA3IUIHBIX BPEMEHHBIX KOHMHUrypanusax. IIpemmno-
JlaraeTcs, 9TO OITUMAJbHOEe BpeMs IIpOorpeBa Npu3aboiiHOil 30Hbl HAXOOUTCS B IIPOMEXKYTKE BpEMEHI
OT HavaJa HArHETAHUS J0 JOCTHKEHUS OJHOTO U3 ONUCAHHBIX IIPEeJIbHO-3((MEKTUBHBIX CJIyTaeB.

Kak 6bL10 OTMEYeHO, IpU ONUCAHAN (PIJILTPALMHA HePTU B ILIACTE HEOOXOAUMO y4YUTHIBATH
ee HEeHLIOTOHOBCKHUE CBoiicTBa. lccieioBaHusIMM IIOKA3aHO, YTO BBICOKOBA3Kasl HedpTh 00JajaeT
XapaKTEePHLIMH CBOMCTBAMH, KOTOPBIE MAKCAMAJIBHO IIPUOJIMIKEHHO OIMCHLIBAIOTCS MOBEICHUEM OWMH-
raMOBCKOH >KUJIKOCTU. B Hay4uHoii Jimreparype CyIIeCTBYeT ONUCAHUE IOBEJIeHUs (DUILTPAIUN
OUHTaMOBCKOM YKUJIKOCTH, KOTOPOE IPUHSATO 3allUChIBATL B BUIE:

k- ), grad(p)] > v,

(1.4)
0, |grad(py)| <,

Ork =

i€ Upk — PaJuaIbHasi CKOPOCTH (DUIBTPAIE Ha IPaHuIe BblTecHeHUst Hedru; grad(py) — rpajuent
JIABJIEHUs] HA T'PAHUIIE BBITECHEHUS; Y — IPEIEJIbHbBIN IPAJINEHT TaB/eHUsT He(DTH.

OcHoBHoil HelocTaToK ypasHeHus: (1.4), KoTopoe siBiisieTcsi MOAUMUIMPOBAHHBIM YPABHEHUEM
Hapcu, — 9T0 oTCyTCTBUE yUeTa U3MEHEHUs] BS3KOCTH OT CKOPOCTH CJIBUTA, YTO MOYXKET HADJIIOAThCH
Yy HEKOTOPBIX THIOB (Jiron10B. B TakoMm cjydae 3aBUCUMOCTH TEKYUEeCTH OT I'PAJINEHTa CKOPOCTH B
ceyennn OyjieT HOCUTH HEJIMHEHbI XapakTep, a camo ypasHenue (1.4) cBelercs K BULy

ok = f(p(ork), P) (1.5)

[Tpudem Hesb3st yTBEPK AT, 9T0 ypasHerue (1.5) siBjsiercs ajreGpandecKuM, TaK Kak MOBEJIeHIe
BSIBKOCTH MOYKET OBITh YTOUHEHO TOJIBKO 10 pe3ysIbTaraM JIabopaTOpPHBIX ucciaenoBanuii. [losromy B
[IEPBOM IPHUOJIMXKEHUHU IIPEJIIOIAraeTCs OTCYTCTBUE 3aBUCUMOCTH BSI3KOCTH OT CKOPOCTHU CIBUTA.

B xadecTtBe KpuTepus 1o dusbTpalun ObLT BEIOpaH 6e3pa3MepHbIl KOMILIEKC C YCIOBUEM

[ (1.6)

|grad(py)|
JlauHbIil KpuTepuil ompeieisseT MOMEHT BPEMEHHU, KOTIa JaJbHelInas 3aKadka HeleaecoobpasHa,
[IOCKOJIbKY IIPU BbINoIHeHnH ycjiosusi (1.6) BbiTecHeHns: HedbTU He IIPOMCXOJUT.
[ToBeieHME HEHBIOTOHOBCKOM YKUJIKOCTH TIPU HEOOXOUMOCTH MOXKET OBITH YTOUHEHO PA3TNIHBIMA
peosorndeckumu mogeisimu: [IIsemoa — Bunrama, OcBasipia — me-Baasst, leprenist — Bajkn,
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[Ipanmms, [laysmna — Ditpunra, Pabunosuua, Cucko, e Xapena, Peitnepa — ®@uumnmosa, Kpocca,
Meiiepa, Kaccona, Illyabmana, Peitmepa [29; 30]. Takoe pasnooGpasue mo3sosisier nogobparh Hanbosee
KOPPEJINPYIOILYI0 MOJIEIb K KOHKPETHOMY CJIydaro. B HayuHOI JinTepaType OOJIbIIel MOMyISpPHOCTHIO
nosb3yercs 3akoH [1IBemoBa — Bunrama, 9To cBA3aHO ¢ €ro GU3NIHOCTHIO U IIPOCTOTOIA:

do,

=, (1.7)

0 =00+ Hp
rie § — TeKy4ecTh; Op — HPEJe/T TeKy9ecTd ([MHAMUUECKOE HAIIPSIKEHHE CABUIA); fp — ILIACTHICCKAST
BA3BKOCTB; Uy — CKOPOCTDL CJ/IBUTA.

Kpowme Toro, nosejieHne, OnuCLIBAEMOE JOCTATOYHO TOYHBIM ypasuenueM (1.7), Bcrpedaercs B
upupojie Haubosee yacto. TeKydecTb B JAHHOM CIydae HOCUT JIMHEHHBII XapaKTep 3aBUCUMOCTH.

[Tpu pemeHnn ypaBHEHHs MacCOllepeHoca Ilapa HeoOXOJUMO IIOMHUTL, YTO B ypaBHEHHU He
yUTeHbI TepMobapuuecKue ycjaoBusa (a3oBoro IIepexoja, 3a cueT 4ero paclpejeeHue 1apa MOKeT
OLITHL HeHyJIeBLIM B 00JIaCTH, IJie OH He cyliecTByeT. 110aToMy paclipejie/ieHne, PacCIuTaHHOe 0
ypasuenuio (2) cucrembr (1.1), onmceiBaercs jist IapoBOJAAHON cMecu. B janbheiiniem, npu pac-
yeTe paclipejie/ieHns] BOJIOHACHIIEHHOCTH C YUYeTOM BBEJCHHBIX JIONYINeHW 1 yTouHeHuii, ppoHT
HapOBOISHON cMecH pasjesdercs Ha ABa: PPOHT mapa U BoAbl. JIjIs oleHKH moJsioxKeHus (ppoHTa
napa npeIaraeTcsl IPUHATH ero B MoJIozKeHn: (bpOHTa MPOrpeToii 30HbI. Pemenne ypasaenus (2)
HEOOXOAMMO B IIEPBYIO O4Yepeb I HAXOXKJICHUs KOJIMYECTBa 0OPa30BLIBAEMOI0 KOHICHCATA.

2. Anpobanus Ha CUHTETUYECKNX JaHHBIX

Moyiesib GbuIa anpobupoBaHa Ha CHHTETHYECKHX Iapamerpax (tabsuna 2.1) u peanusoBaHa npu
HOMOIIU YUCJIEHHBIX METOJIOB Ha si3bIKe nporpammuposanusi Visual Basic for Applications (VBA).
Permtenne 661710 BBITOJIHEHO B MIJIMHIPUIECKOHN cucTeMe KoopauHat. [Ipu pereHun siBHOM KOHETHO-
Pa3HOCTHOM CXEeMOIl ypaBHEHHUS TEIJIOIPOBOJHOCTH U MAaCCOIEPEHOCa BOJIbI OKA3aJnuCh Hanbosee
YCTOWYMBBLIMU K MTOBBIIIIEHUIO IT1ara mo BpeMeHu. Tax, mpu 1mare Mexkay BpeMeHHbiMu citosimu B 1000 ¢
OImUOKa OTHOCUTEJHLHO PEIEeHHsT [0 HesIBHON CXeMe U SIBHOII cxeMe ¢ BpeMEHHBIM ImaroM B 1 (omy) ¢
cocrapmiia meree 1 %. Pemnenne ypaBHeHUsI MaccolepeHoca mapa OKa3aJoch MeHee YCTOHIUBOE:
MaKCUMaJIbHOE 3HAYEHNE BPEMEHHOI'O Iara, Jijis KOTOPOro B JI00O MOMEHT BPEMEHU DeIleHue
SABJIAETCs YCTOMIUBBLIM, — 50 ¢. YBeJinueHue Imara 1o BpeMeH! MIPU BBLIYUCICHUN YPaBHEHUsI [IEPEHOCA
1apa CTPEMUTEJIHLHO MPUBOUIIO K HEDUINIHBIM PEIIEHUSAM, BBIXO/ISAIIM 38 IIPeIeJIbl JOIYCTUMbBIX
3nadeHuil. JlaHHBIT PaKT CHUIBHO yXYIIIAET BBIYUCIUTENIBHYIO 3(MD@MEKTUBHOCTD €I€ U MTOTOMY,
9TO ypaBHEHWE MacCOIePEHOCca MTapa 3aBUCUT OT paclpe/e/IeHUd TeMIIEPATYPbl U BBIYHUCIISAETCS
OJIHOBPEMEHHO C YPaBHEHHEM TeIIOMPOBOTHOCTH.

PesynpraTsl pactueToB npuBeieHb! Ha pucyakax 2.1-2.3. Ha pucynke 2.1 nokazano pacrpe/ie/ieHue
mapa B ILUTACTe B pa3jNTIHbIe MOMEHTHI BpeMeHN. PacipesesieHnst TeMIepaTyphl B pa3Hble MOMEHTBI
BPEMEHHU, a TaKKe MOJIoKeHne (DPOHTA U paciipe/iesieHne Ba3KocTh Ha 14 (YeTbipHaAIAThIE) CyTKA
IIPOJIEMOHCTPUPOBAHBI Ha pucyHKe 2.2. PucyHok 2.3 oTpakaeT XapaKTEepHYIO INHAMUKY (DPOHTA
00BOIHEHHOI 30HbBI.

Pacnpenenenne napamerpoB Ha pucyHkax 2.1-2.3 mpUBOAUTCS B IEHTPE MOIIHOCTH ILIaCTa.
[Ipu pemrenun ypaBHEHHS MacCOIEPEHOCA JIJIsi ITAPOBOISHON CMECH CKOPOCTh IIPOJBUXKeHUsT (PPOHTA
CHUKAETCsI BBUJLY eoMeTpriecKux 3heKToB (pellleHne B IUJINHIPIIECKOil cucTeMe KOOP/MHAT)
U TEIUIOBBIX (TOYKHM CTOKA 3a CUeT KOHJIeHcalmn). Pacnpocrpanenne ppoHTa nmapa pe3ko 3aMe JIseTcst
OpH JIOCTUYKEHUH HEKOTOPOI'O XapaKTepPHOro BpeMeHu (mpu mocrasjieHHbIX yciaosusix 50 000 c,
pucyHOK 2.1), mpu 9ToM (BPOHT HAYMHAET PA3BUBATHCS HPEMMYIIECTBEHHO BJIOJb KPOBEIHHON YacTh
IUIACTA.

CkopocTh pa3BuThsi GpPOHTA BOJBI CHUXKAETCST B MEHBIIEH CTEleHN, YTO CBI3aHO ¢ OTCYTCTBHEM
crokoB B ypasHenuu (4) cucremsr (1.1). Ha pucynke 2.3 npejcraBieHo XxapakrepHoe passutue ¢hpoH-
Ta BObI. BaykKHO OTMETUTDH, UTO pelieHne ypaBHEHU MACCOIEPEHOCa, BOIbI PEIajoCh IOC/Ie PEIeHHs
YPpaBHEHUSI TEMJIOTPOBOIHOCTH, & He omHOoBpeMeHHO. [loaToMy Ha pucyHke 2.3 BOTOHACHITIEHHBIH
GbPOHT B IEpPBhIE CYTKU HAXOIUTCS HA YPOBHE 3 M, XOTs 3a CJICAYIOIINE CYTKU (PPOHT MIPOIBUTAJIC



Hlesenés A.1l., Duavmanos A. 4., Crobauxos P.M. Kpumepuaavhoiii memod onpedesenus pemeH ...

Shevelev A.P., Gilmanov A. Ya., Skoblikov R.M. Criterion-based method for determining the time ... 40 uz 50
Tabauma 2.1
Ilapamerps! pacuyera
Table 2.1
Calculation parameters
Bemuauna, ey, namepenust SHadenue Benmwmauna en. naMepeHust SHavenHue
JlnHa maacTta, M 500 Hasnenne Ha 3aboe, I1a 200
MormHOCTS LIacTa, M 20 Hasnenne miacta, Ila 100
ITopucrocts, 1. e. 0.2 Bsskocts Bogpl, Ila-c 10*
Bsaskocts mapa, [la-c 107° Pannmyc ckBakuHbBI, M 0.1
Bstskocts Hed T, [1a-c 500 - 102 | ViesbHast TEIIOEMKOCTD BOJIBI, 4200
Jx/(kr-°C)
Vienbuas remiora kKougenca- | 2.3 -10° | Pacxox mapa, M /c 0.00769
muu napa, Jxk/Kr
[TnorHOCTD TIApA, KI'/ MO 56 Kosddunuent renmoornaymn, 0.1
Br/(M2-°C)
[TnorHOCTL HedTH, KT/ MO 856 IIpenen Texywectn, I1a 7
Temneparypa miacra, °C 70 DddexTuBHbII gHaAMETD 107
KaIJLISIpa, M
Temmeparypa HArHETAEMOrO 250 VrienbHast obbemHas Temaoem- | 1.6-10°
napa, °C KOCTB 110pojisl, [k /(kr-°C)
[IpoHuIiaeMocTs IIaCTa BIOJb 1013 ViesnbHast o6beMHast Temioen- | 45.3-10°
KOODIMHATHI I, M2 KocThb mapa, JIx/(kr-°C)
[IponunaeMocTsb O MOITHOCTH 10~ 13 TerutonpoBOIHOCTD  TOPO/IBI, 2.431
niacTa, M2 Br/(m-°C)

MeHee deM Ha 1 M Ipu npuMepHOM cHuzKennu ckopoctn Ha 0.2 m/cyT. Takzke crouT 0TMETUTD, UTO
PACXo/T BOJBI MTOCIUTAH UCXOJIsl U3 00beMOB 00pa30BaBIIerocst KOHIEHcaTa Ha KOHEI[ paciera ypaBHe-
HUl TEIIONPOBOIHOCTH U MaccolepeHoca napa (3a 14 cyrok). [Tosromy comocrapiienue moI0KeHus
(GPOHTOB POrPETOil U BOJOHACKIIIEHHON 30H 110 MOy YeHHBIM PE3yJIbTaTaM HHTEPIPETUPYEMO JIJIst
[IOCJIE/THETO MOMEHTa BpeMeHu. EInHoBpeMeHHOe COTIOCTABICHUE PA3BUTHUs TEILJIOBON U OOBOIHEH-
HOIl 30H JIOCTUTAETCS IIyTeM OIpe/Ie/IeHnsT 00beMOB CKOHJICHCUPOBABIIIEIOCS ITapa 3a IPOMEXKYTOK
BPEMEHH, 10 UCTEYEHUN KOTOPOTO UCCASIYETCs mporperas 00J1acThb, U IIepeciera yPaBHEHHUS MacCOIIe-
penoca Bojibl. [1o cchopMysimpoBaHHON MaTEeMaTHIECKOH MOIE/N TAKOM OIX0J] BOSMOXKEH, HO TpedyeT
O0JIbIell BBIYUC/IUTEILHON MOIITHOCTY WJIM KOMIIMJIAPOBAHUS HA JIPYTHE A3LIKUA MPOrPAMMUPOBAHMS
C BO3MOKHOCTBIO OITUMU3AIIUN BbIYUCJICHUN.
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Puc. 2.1. Pacupenenerne napoHACHIIEHHOCTH B IIACTE B PA3JIMIHBIE MOMEHTHI BPEMEHH

Fig. 2.1. Distribution of vapor saturation in the reservoir at different time points
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Puc. 2.3. Iunamuka ¢dppoHTa BOJTOHACHIIEHHON 30HBI

Fig. 2.3. Dynamics of the front of the saturated water zone

Pacnpenenenust temeparypbl B pa3nble MOMEHTBI BpDEMEHU IIpeJICTaB/IeHbl Ha pucynke 2.2. Ha
rpaduKe TakKe MPOJIEMOHCTPUPOBAHHO PACIPEIETICHIE BAZKOCTA HEeDTU OT TEMIIEPATYPbI, €CJId O~
POBBIiT 00beM OBLI OBI 3aII0JHEH TOJBKO €. 3aBUCUMOCTD BSI3KOCTH OT TEMIIEPATYPBI IOA00paHa 110
XapaKTePHBIM 3aBHCHMOCTSIM, OIMMCAHHBIM B paborax |21; 24; 31|. MonesupoBanue pacipe/iesieHnst
BSIBKOCTH HeTH U JIABJIEHNS] MOYKET ObITh OCYIIECTBJIEHO 110 METOLY, IIpe/icTaBJIeHHOMY B pabore [32],
9TO MIOMOKET YIJIYUIIUTb Ka4ecTBO cuMyJsisgTopa. IlIpemaraercs onpeaensaTs GPOHT POrpeToil 30HbI
TaM, TJie TeMIepaTypa IJIacTa JOCTUTACT 3HAYMEHUsI, TPU KOTOPOM HeTh 10 BA3ZKOCTU KJIaCCU(DUITU-
pyercst Kak MaJIoBsI3Kasi UJIK MOBbIeHHO Bs3kocTn [33]. Oupesenenne dbpoHTa IPOrpeBa MOXKeT
OBITH YTOYHEHO P COTIOCTABJIEHUN TEPMODAPUIECKUX TApAMETPOB CUCTEMBI ¢ (pa30BOil Juarpam-
MOIT BOJIBI: B TOM CJIy4ae, Korja (bpoHT IPOrpeBa HAXOIUTCS JIaJjiblile 00JIACTH CYIIeCTBOBAHUS HAPa,
CTOUT YTOYHUTD €r0 TOJIOXKEHUE B nmpocTparcTBe. OMHAKO CTOUT OTMETHUTD, 9TO CIHOCOD YTOUHEHUS
IIpuMEeHUM TOJIBKO JIJIsI CUCTEM, T'JIe KOHBEKTUBHBI TEIIJIOIIEepPpEeHOoC Hpeo6na)1aeT HaJT KOHJIYKTUBHbIM,
a HeoOXOIMMOCTh YyTOUHEHHUs 00YCJIOBJIEHA HEOTHOPOJIHOCTBIO CUCTEMbI. B ToM citydae, Korma KOH-
J:[‘yKTI/IBHbII';I TeIlJIOIIepeHOC BHOCUT 60.}'[bH_IyIO S3HaAYMMOCTDb, I€M KOHBeKTI/IBHbeI, HarbmeTaHue mapa
HEIPOIYKTUBHO ¥ MOYXKHO OTPAHUYUTHLCS TOJHKO MPOTPEBOM CTBOJIA CKBAaYXKUHBI. AJTbTepHATUBHBIM
METOJIOM OTIPEJETEeHUs JIOKAJIM3AINT (DPOHTA PA30TPETON 30HBI MOXKET CJYKUTh KPUTEPUIl CHUXKE-
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HIsI TEMIIEPATyPBI B € pa3 (aHAJOTHIHO JeKpeMeHTy 3aryxanust). Omnpe/esenne hpoHTa IPOrpeToit
30HBI B pAMKaX IOCTABJIEHHBIX YCJIOBHUI IO KPUTEPUIO Kjaccudukaiuu HedTr He TPOTUBOPEUUT
VCJIOBUSIM CYIIIECTBOBAHUS I1apa.

N3 pucynkos 2.1 u 2.2 BuIHO, 9TO B 00JIaCTH HAMOOJIBIINX TEMIIEPATYD HACBIIEHHOCTD I1apa
MaKCHMaJIbHa U €€ paclpejieJIeHne OTHOPOJIHO, YTO TaK¥Ke CXOIUTCH C JIOMYIIEeHNeM MHTErPAJILHON
Mojiesn |3] u moaTBepIKIaeT ee mpaBOMEPHOCTD.

3a cueT aKTHBHOTO TeIJIOOOMEHa IIPOIPETOil 30HBI, IIPEUMYIIECTBEHHO ¢ KPOBJIeH, U COOCTBEHHOMN
KOHBEKIUU IIPOTPETasi 30HA B IOCTABJIEHHBIX YCJIOBUX NpuHUMaeT dgopmy ruunapa. [Ipu paccmor-
peHUU PA3BUTHS TEILIOBOM 30HDLI 33 HAMOOJIBIHI IEPUOJT BPEMEHU BJIMSHIE KOHBEKTHBHOTO IIEPEHOCA
[POSIBJISIETCs BU3yaJbHO 3HaduTeIbHee. Ha dhopMy u pazmepsl IpOrpeToil 30HbI TVIABHBIM 00pa3oM
BJIMsIeT KOI(DDUIIUEHT TEIIOOTIA M.

[Ipu BBIOpaHHBIX apaMeTpax pacdera Ha 14 CyTOK BBIIOJHSIOTCH KPUTEPUI OTCYTCTBUS (DU
TpaIluu Ha T'PAHUIE BBITECHEHUS BOja — HeMTh U yBeJUUeHHEe 0ObeMa OOBOIMHEHHONW 30HBI JI0
KPUTHUYECKOIo 3HavdeHus. Kpurepuili paBeHCTBa TEIIOBBIX MOIIHOCTEH 1P OTCYTCTBUH JIPYTUX KPHU-
TEepUeB JOCTUTaeTCsi TOJbKO K 173 cyrkam (15 000 000 c¢) HarHeTaHust, MOCJIE YEro MOJIOKEHUE
TEeIIOBOro (DPOHTA IPAKTHIECKU He MEHsIETCsl CO BpeMeHeM (PHCYHOK 2.4).
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Puc. 2.4. Junamuka Temiosoro gppoHTa
Fig. 2.4. Dynamics of the heat front

3. DBepudwukarnus pe3yJbTaTOB MaTeMaTUYIE€CKOI MOAeJin
C pacyeTaMu, TPOBEAeHHBIMUA B TUAPOAUHAMUYECKOM CUMYJISATOPE

BbI.Ha IIpousBeieHa BepI/I(i)I/IKaU,I/IH MOJIeJIN IIPpU COIIOCTaBJICHUU PE3YyJ/IbTaTOB, IIOJIYY€HHDBIX I10
cpOPMUPOBAHHOI MaTeMaTHIECKOl MOJENH U Ha THApoJuHaMIIecKoM cumysisTope "tHasurarop",
npejicTaBieHHbIX B pabore (6] (pucynok 3.1). IIpu perennn jijist conocTaBjieHus pe3yibTaToB ObLIN
B3sIThI IapaMeTpbl 13 paboTsl aBTopoB. HekoTopble mapaMeTpsl, He PacKpbiThie B padore [6], Gblim
[Io00paHbLl TAaKUM 00Pa3oM, 4TOOBI JOCTUIHYTH MeOMETPUYECKUX Pa3MepoB Iporperoit obsactu. K
TaKUM TIapaMeTPaM OTHOCATCS PACXo napa 1 Kod(pUIUEHT TEIIo0Taa4un. BusyaabHo pe3yibra-
THI IOBTOPSIOT APYT APyTra, 3& HCK/IIOYEHNeM IPUrPaHUYIHLIX objacreil Temaoodmena. OCHOBHOMI
OPUYUHON OTJIMYUI SIBJISTFOTCSI PA3HbIe PA3MEPHOCTH ITPOCTPAHCTBEHHBIX CETOK (6oJiee MesKasi ceT-
Ka 1pu pernieHnu chOpMUPOBAHHON MOJIE/IN) U Pa3Jindre B IBeTOBOM TpajuenTe. CUMYyJISITOPOM He
[PEyCMOTPEHO OIPeJIe/IEHIe TEIJIOBOTO (bPOHTA, ITO TAKKE 3aTPY/IHsIET BepU(pPUKAIINIO JTaAHHBIX.
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Puc. 3.1. Pactipenenenne tTemmeparypsr B ceuennn miacta: a) "THasurarop"; 6) chopMuposannast
MaTEMATHYECKASA MOJIE/Ib

Fig. 3.1. Temperature distribution in the reservoir section: a) tNavigator; 6) formed mathematical model

CTonT OTMETHUTH YTO TUIAPOAMHAMUYECKU cuMyasaTop "THasurarop" me amantupoBaH 1moJ perie-
HUs 3875449 TEIJIONPOBOAHOCTH. TeIIoBble TIOTOKU B HEM HE MPETEPIIEBAIOT 3aMEJJIEHNUS, CBAZAHHBIE C
TEIIOOT/adell M KOHBEKITHEH, TOITOMY pacpeesleHue TEMITEPATYPBI OT BPEMEHN aHAJOTUYIHO Pac-
MpEJIENIEHUIO XKUJAKUX a3 B 3ajad4ax BbITeCHEHUA. JIaHHBIA CUMYJISITOP OTJIUYHO PEIaeT 3a a49u
TUPOMEXAHUKHN, YINTHIBAas MHOYKECTBO PA3/NIHBLIX siBaeHnit. OJHAKO TaK¥Ke CTOUT OTMETUTH, ITO
pellleHnsi B HEM TMPUBOJISITCA B JIEKAPTOBON CHCTEME KOODJMHAT, YTO MOXKET BHOCUTD OIIMOKY 32 CYET
OPUEHTAINOHHBIX 3(PPHEKTOB BBIYUCTIEHUN.

3akJro4yeHue

ITo pesynbrary paboThl MOKHO 3aKJIIOYATD:

1) Paspaborka nepsoro srama [111O mosKHA COIPOBOXKIATHCS YIETOM OCHOBHBIX SIBJICHUI, OMpe-
Jesstonux 3 @EeKTUBHBIE TapaMeTPhl HATHETAHUST: 3aMeJIJIeHIsT PACIIPOCTPAHEHUsT TEILJIOBOM 30HBI
3a CYeT aKTUBHOTO TEIJI00OMEHa TPOJLYKTUBHON JaCTH IIJIACTA ¢ KPOBJEH U MOIONIBOM, BEI3BAHHOTO
IPEUMYIIECTBEHHO COOCTBEHHON KOHBEKIIMEH; yYBeJMaeHusi OOBOJIHEHHOW 30HBI, HAXOSINENCs 3a Ipe-
JIeJTAaME TETTOBOI 30HBI, 38 CUeT 00pA30BAHUs KOHICHCATA, KOTOPasa B JAJbHEHIIIEM OyIeT BIUATH
Ha 00BOJIHEHHOCTDb MPOJYKIINU U OTTECHATh He(DTh B 30HY HU3KHUX I'DAJUEHTOB JABJICHUI; CHUYKEHUS
CKOPOCTHU (DUIBTPAINN HEHBIOTOHOBCKUX YKUJIKOCTEH B TIPOIECCe BHITECHEHMS HeDTH BOIOI;

2) Kaxpiit u3 onucaHubix 3GGEeKTOB MOXKET MPUBOJUTE K IIPeIeIbHO 3D MEKTUBHBIM CJIyda-
sIM: OCTAHOBKE POCTa TEIIOBON 30HBI, YBEJIMICHUIO OOBOTHEHHON 30HBI JI0 KDUTHIECKUX OOHEMOB,
MIPEKPAIIEHNIO0 BBITECHEHUsT HE(DTH;
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3) CoorHorreHne CKOpOCTeil pa3BUTHs TEIVIOBOIO U BOIHOTO (DPOHTOB OT BPEMEHU HOCUT HEJIH-
HEMHBI XapaKTep, 38 CYEeT Yero Ha PaHHUX BpeMeHaX HarHeTaHHsl OOBOIHEHHAs 30Ha IIOCTOSTHHO
HCTOHYAETCsI, IIPEJICTaBIIsIsA CODOI BOJASHYIO OTOPOUYKY yMEHBIIAIOIMIXCs pa3Mepor. Tlocse mocru-
JKEHHUsI HEKOTOPOI'O XapaKTEPHOI'0 BPEMEHH, IIPU KOTOPOM ODECIIedMBaETCA JOCTATOYHO OOJIBIIOE
KOJIMYECTBO KOHJIEHCATA, a TeIJIOBasi 00JIaCTh 3HAUUTEIHLHO 3aMe/IJISIeTCsI, 30HA BOJIBI HATUHAET PACTH;

4) Jlis KOHKPETHBIX CHCTEM CYIIECTBYIOT ONTHMAJbHBIC [TAPAMETPHI 3aKAYKN TEIIOHOCUTE-
JIsI, K KOTOPBIM OTHOCATCSI: PACXOJ TEIJIOHOCUTEJIsI, BPEMsl 3aKa4IKH, TEMIIEPATypPa HArHETAEMOI'O
TEIIOHOCUTEJIS;

5) ITpu KOHKPETHBIX 3aJaHHBIX PACXOJIe U TEMIIEPATYPE TeIJIOHOCUTEJIsI CYIIECTBYeT ONTHMAJIb-
HOE BpeMsl HAIHETaHUs, KOTOPOe HAXOIUTCHA B IIPOMEXKYTKE BPEMEHHM OT HadaJja HarHETaHHUs 0
JIOCTUKEHUST OJTHOTO W3 OIMMCAHHBIX MPEeJIEIbHO 3PMEKTUBHBIX CJIYIaEB.

CdopmupoBanHast MaTeMaTHIeCKas MOJIEJIb COBMECTHO C ITPEJJIOXKEHHBIMIA KPUTEPUSIMHE TTO3BO-
JITIOT OIEHUBATh HEOOXOoAuMbIe 3(hPEKTUBHBIE TEXHOJOIMYECKHE [TapaMeTphbl IIEPBOro 3Talla Iapo-
[UKJITIeCKO 00paboTKu. Vcrmomb30Banne MOE/N C 3aIllUChI0 32aKOHOB COXPAHEHHsT MACChl, HMILYJIbCa
1 sHepruu B audpepeHnnaabHoil popme JaeraeT BO3MOXKHBIM y9eT Ne0JJOTMIeCKIX 0COOEHHOCTeH
1acTa npu paspaborke 3ajiexeii ¢ npumenerreM [1110. Beuin oTparkeHbl KOHIIENTyaIbHBIE OCHOBBI
MpOTEKaHUsT (PUBHIECKUX IIPOIECCOB IPU MAPOIMKINIECKO obpaborke. UncaeHHOE peleHne Mare-
MaTHYIECKOM MOJie/in ObIJI0 CPAaBHEHO C pellleHreM I'HIPOIuHAMUYIeCKOro cuMysisaropa "tHasurarop".

CTouT OTMETUTD, YTO IIPEJIOKEHHAST METOIMKA [IO3BOJISIET OLPEJICIUTD HPEIeIbHOIMMEKTUBHBIE
napaMeTpbl HarHEeTaHUsT TEIJIOHOCUTEJIS IIPH MapOlnKJINIecKoit obpaborke. OUTUMa/IbHBIE JKe Iapa-
METPBI BO3MOXKHO OIPEJIEINTh TOJHKO IIPU COBMECTHOM MOJEIMPOBAHUN BCEX CTa Uil 0OpaboOTKK U
COBOKYITHOM paccMoTpeHnu 3hdekToB, XapakTepHbix s 3tamnos [111O.
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development approaches, a mathematical model is formulated and a criterion method

Scientific article for the steam injection time determining into the bottomhole zone is proposed. Within
® the framework of this method, the following processes are crucial: heat transfer to the

| @ roof and bottom of the reservoir, the water-saturated zone increase during continuous
injection, and the presence of a limiting pressure gradient in a non-Newtonian fluid.

The developed model was tested on the synthetic data. The development dynamics of
thermal, steam-water and oil-water fronts during injection in the radial formulation
of the problem are investigated. The model was verified based on a comparison of
the results obtained with calculations in a hydrodynamic simulator.
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dbuyecKkre CUTyaluu C HECTAIIMOHAPDHBIM BPEMEHEM KU3HU Y Uepebl HellePECeKato-
Hayunas cmamovs IUXCA IIOKOJIEHUN He ONMCBIBAIOTCS HEIIPEPBbIBHBIMU YPABHCHUAMHI MaTeMaTUICeCKON

ouocduzuku. [Ipumenenne MHOrOmapaMeTrpuieckux (OYHKIIMOHAJIHHBIX UTEPAIHi
@ ® ¢ BozzeiicrBueM X1 = P(1;%,)8(a; %) + O[n], Xpmax = maxp(x) # max(x)

NIPUBOJUT K KacKajy OudypKaiuil ¢ CoCyIeCTBOBAHUEM yCTONYUBBIX IUKJIOB U
MHOKECTBa TOUeK {f,d} mepexomos "xaoc<muKa", 9To BBIXOJUT 32 PAMKHU CYII-
HOCTHOI MHTEPIIPETAIIUH [TOBEIEHIS TPAeKTOpUH. 1Ipe/iyIoyKeHHbIN MeTO/I, aKTyaJeH
JUIsl MOJICJTUPOBAHUS CJIY4YaeB, KOrJa y IMOKOJIECHUH pa3imdaeTcs JJIMHA CTaIuil 10Be-
HaJILHOTO OHTOreHe3a. Mojiesin BaXKHbI JIjIsi IPOTHO30B WHBA3MOHHBIX ITPOIECCOB
y CITOCOOHBIX K MACCOBBIM BCIIBIIIIKAM PAa3MHOXKEHUsI HACEKOMBIX, T JEeHCTBYeT
daxTop 3uMOBKH TOKOJIeHUi. [IpoBouTcst mocTpoenne rubpUIHBIX CTPYKTYD YpaB-
HEHU, ONUCHIBAIOIINX TUHAMUKY TIOKOJIEHUH HA CMEYKHBIX HEPABHOMEPHBIX OTPE3KAX
OHTOT€He3a B 3aBUCHMOCTH OT M3MEHEHUs (PaKTOPOB CMEPTHOCTH M3-3a KOHKYPEHITHH
3a PeCypPChl, PEryJUPYyEMOil CKOPOCTBIO POCTa y OPraHU3MOB. [ 'MOpuUIHAs MOIEb
MMO3BOJISIET MOJIYYUTH MYJIBLCUPYIONIYIO JUHAMUKY YUCACHHOCTH, T/ TEPeXOIbl K
COCTOSTHUIO M30BITOYHO MHOTOYNC/IEHHBIX ITOKOJIEHMH "BClbiinek" B3anMOCBA3aHbBI C
BBIKMBAHMEM 3UMYIOIIEr0 OKOJIEHUS U YPOBHEM KOHKYPEHTHOW CMEPTHOCTH JIETHETO
mokosienust. MeToJ1 Moie ITMpoBaHust aKTYaJIEH JJIsl TTO/[JIePKUBAEMbIX NCKYCCTBEHHBIM
BOCITPOM3BOJICTBOM TIOIYJISAIUI U JIJIs CJIY9aeB, KOTJa ¥ PA3HBIX COIUAILHBIX IPYIII
Pa3JInIaeTCs PEpoyKTUBHASL AKTUBHOCTD, YTO OTPAYKACTCSA B PA3BUTUU JIEMOTDA-
dudeckux BOJIH, HAPYIIEHUH COIUAIBHBIX CTPYKTYP U HAPYIIEHUN TPAJUITNOHHBIX
B3aUMOJEUCTBUN 1IpU KPU3UCE COLUAJIBHBIX CTPYKTYP.

KimroueBbie ciioBa: rubpugHble BBIUNCIUTENbHbBIE CTPYKTYPBI; aHAJIN3 BCIIBIIIEK
9UCJIEHHOCTH; PAa3PhIBHBIE TPACKTOPUN; BOJHOOOPA3HBIE COITUOONOIOTTIECKIE
poriecchl; THMOPMAIMOHHOE OOIIECTBO; PEJIAKCAIIMOHHBIE IIUKJIB; IIYJIbCUPYIOIIas
TPaeKTOPHUS IBOJIIONUN SKOIMHAMUKY.

BBenenue

B crarbe paceMoTpuM mpobsieMy MeTOO0JIOMMU MOJEJIMPOBAHUSI, CBA3AHHYIO C TeM acCIeKTOM,
YTO HEMPEPBIBHOE PA3BUTHE B PEAJBHBIX GHOCHCTEMAX W COIMOMHMOPMAIHOHHOM MTPOCTPAHCTBE —
JIOCTATOYHO OPAaHUYEHHOE BO BDEMEHH siBjieHue. [[JIaBHO IPOTEKAIOIIHe IPOIECChl B 9KOINHAMIKE
JIOBOJIBHO DEJIKU U IIPEJICTABIISIIOT CKOPee MCKJII0UYEHUE, KOTOPOe Ha CAMOM JIeJie HeJIb3sl CUUTATH
obmuM caydaeM. TUOUIHBIMEU [IPU B3aUMOJIEICTBIK OPraHU3MOB U UX CPEJIbI SIBJISTEOTCSI TPOIIECCHI
C UBMEHEHUSIMH: CO CTaJIURHOCTHIO, TIOPOIOBBIMU COCTOSHUSIME U COOBITUAHBIMU MEPEXOHBIMU Pe-
kumamu [1]. CraauiiHoe pa3BUTHE MIPOIECCOB ¢ PE3KMMU [IEPEX0JIaMU B CHCTEME B3aUMOJIefiCTBIS
COIUAIBHOTO, OGUOMU3NIECKOTO U WHMOPMAIIMOHHOTO MPOCTPAHCTBA, KaK, HATIPUMED, CTAJINN BbIpa-
OOTKU MMMYHHOI'O OTBETA IIPU IIPE3EHTAIINN AHTUTE€HOB MYTHUPOBABIIErO BUPYycCa, TpeOyeT M3ydeHus
Joruku uamenenuii. JIjist jemorpaduu xapakTepHbl CTyIIEHYATHIE IHArPAMMbl CMEHbBI [IOKOJIEHUI, TaK
KaK B YeJIOBEUYECKOM COITMYME OTMEYaeTCsl SIBJICHUE MIEePUOJIOB 3HAYUTEIBHOTO POCTa POKIAEMOCTH
baby boom u commosiorn roBopsIT po mokKosenust "6ed6u-6ymepon". 3a 6e6u-6yMoM dacTo cieyer
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JneMorpadudeckas menpeccus. [IpoxoauT craperune HACETECHHUST STIOXM B3PbIBa POXKIAEMOCTH, YKUB-
MUX B YCJOBHUSX BBICOKOUM KOHKYPEHIINU HAYUHAS C IIEPEIOJTHEHHOIO0 POIMJIBHOrO JqoMma. B fAnonun
TaKoit moporosbiii s3bdekr ormeden B 2007 1. Kax "Beimyck fereit Jankait"! — BbIXO/a Ha TIEHCHIO
CaMOr'0 MacCOBOIO IOKOJIeHHs. Kak ciefcTBre cMeHbl TpeHioB Ha rpaduke?, Tie oTpaskaloTcs Te-
KYyIasi CMEPTHOCTh U POXKIAEMOCTH HOBBIX ITOKOJIEHWIT, MBI BHIUM "KpPECT CMEPTH KOIIa KPUBast
yOBLTN BBIPBIBAEMCS BBIIIIE, YeM JIMHUS BOCIPOM3BOJ/ICTBA. BaXKHBIN acmekT mpobieMbl TPOTrHO3UPO-
BaHUsI B TOM, UTO IOJOOHBIE SKCTPEMAJIBHBIE SIBJIEHUSI T30 INIECKIE M CKOPO 3aBEPIINATCsI, KaK
GPOHT CKOPO pacma aroNieicst MOMyIATTNOHHON BOTHBI TP CTPEMUTETHLHON WHBA3UNA KaMYIATCKOTO
kpaba B Hopsexkckom mope. Jlpyroit HarisiiHbII puMep — ovepejiHasl BECEHHsIsI BOJIHA aKTUBHOCTH
COVID-19 B 2025 1. mpu nosiBjiennu MyTupoBasimero mravmva LB.8. Haxke muBmmmecs OsiTh JieT
BOJTHBI 3apakKeHuil KODOHABUPYCOM OKA3bIBAIOTCSI HEBEUHBIMU, TaK KaK MOMYJIAINOHHBIN IMMYHUTET
MeJJIEHHO ¥ HEYKJIOHHO MPEeooeBaeT Kpu3uc. [IpuToM 9To HOBBIE MITAMMBI BOBHUKAIOT PETYISIPHO,
OHU y2Ke He CTOJIb 3aPa3Hbl U BBI3BLIBAIOT TOJIBKO JIOKAJIBHBIE BCIBIKE — BUpyc SARS-CoV-2 Bomen
B COCTOsTHEE 9BOJIIOIMOHHOTO myrusanra. Ilangemus COVID-19 nocrapuia mepes MaTeMaTHIeCKO
buoJiorueii TeopeTuUecKkyo mpobiieMy, Tak Kak U3BeCTHBIE srujemudeckue mogenn "SIRS-cxembr"
OKa3aJINCh HECOCTOSITEJIFHBI B IIPOIHO3aX 3aBEPIIEHUs] aKTUBHOCTH BUPYCa U CTPOUJIUCH Ge3 ydera
MHOTUX COOBITHITHBIX (DaKTOPOB, UMITYJILCHOM SBOJIIONUU BO3OYIUTEIISI U T€TEPOI€HHOCTH UMMYHHOT'O
oTBeTa.

1. Teoperudeckass npobJjemMa MOJIeJIMPOBAHUSA TI€PEXO/THOM
9KOANHAMUKNI

YacTo Jj18 OrpaHUYeHHOI'O W PErYJIUPYEMOro IJIOTHOCTHIO POCTA TPYIIIBI OPIaHU3MOB UCIOJIb3Y-
for "Jjroructuyeckue ypapHenus", 3a0biBasi, 9TO 3T0 (DEHOMEHOJIOIMTIECKOe OIMCAHNE U CIIPABEIJITMBOE
JIJIE IPOCTBIX CUCTEM B YCJIOBUSX PABHOBECHUS CO CPEJION KOJIOHUM MUKPOOPIaHU3MOB IPU (DUKCUPO-
BAHHOM TIOCTYILJIEHUU TTUTATEIbHBIX BemecTB. ONUChIBAEMYO V1A IKUMU KPUBBIMU JTUHAMUKY JIJIsI
J0ObIX HauaabHBIX yeaosuit VN (0) > 0 MOryT eMOHCTPHPOBATEH MPOCTENIIIE PA3MHOKAIOITHECST
JIeJIEHIEM OpPraHW3MBI B JIADOPATOPHBIX yCJIOBHUSX. Fcyin B KOJIOHUIO JTabopaTOpHBbIX OakTepuili BHECTH
BUpyc-bakTepuodar, To OyJieT 3aIyIeH MePEXOHbI U HECTAIIMOHAPHBIA PEXKUM CYIIECTBOBAHUS
SBOJIIOIMOHUPYIONMX BUIOB [2|. BosHuKIIMIA 110C/Ie HHBA3MOHHOTO KPHU3UCa [IPOIECC PA3BUBACTCS
COBCEM HE TaK, KaK IPeJICKa3bIBAET Jpyrasi U3BeCTHAasl IyIajKas Mojesb ociuuisainuii Jlorku — Bosb-
Teppa. B peasibHBIX 9KCIIEPUMEHTAX MOC/e KPU3UCA U NMEPEXOIHBIX KosieOaHuilt 6yaer ¢ 60JIbIoi
BEPOSITHOCTBIO JIOCTUTHYTO HOBOE PABHOBECHE M3-3a COOBITUHHOIO 3pderTa — neiicTBUsT BOZHUKIMIECH
y OIHOI OaKTepuu U MEePEeJAHHON JPYTUM SBOJIIOIMOHHON a/IalTalui. B ajbrepHATHBHOM CIIeHAPUU
mocJjIeIyeT IOJIHAasT TUOe/ b KOJIOHUN DAKTEepHil, ecjiu aJlalnTalid K BUPYCY BOBPeMsl He IOCJIEIyeT,
TaK KakK yCIleX BBIPAOOTKHU OTBETA MMeEeT HEKOTOPYIO BEPOSITHOCTHYIO cocTaBJsioniyo. Mcciemnosa-
HUsT MEXaHU3MOB JIAlITAIlNA BUPYCOB U OAKTEepUil B JIADOPATOPHBIX OIBITAX IIPUBEIU K OTKPBITHIO
3HAMEHHTOro MeToja reHoMmHoro pegakrupoBannsgs CRISPR/Cas-9. dra sHIOHYK/I€a3a H3HAIAIBHO
UCIIOJTHsLTa (DYHKIUIO HacTpanBaeMmoro 1o curaarype ydacrka JIHK GakrepuaibHOro aHTUBUDY-
ca. Bakrepun npuobperanu crrocoOHOCTH paclo3HaBaTh u pa3pbiBaTh ayxkepoanyio JJHK. Temepn
YUEHBIE C IOMOIIBIO 9TOI0 AHTUBUPYCHOTO MEXaHU3Ma MOTYT HCIIPABJISITH OITACHBIE NT€HETUIECKUE
snedexTol n co3gaBarb I'MO-nomyssiiuu. CooTBeTCTBEHHO, bakTeprodar I0/KeH HAKAILIMBATEL My-
TaIyn, YKJIOHSSCh OT CBsi3biBaHus ¢ Oesikom Cas-9 Gakrepuit, 1100 BUPYC MCUE3HET B SKCIIEPUMEHTE,
€CJIM BUPYC TIOTIaJI B BOJIIOIMOHHBIN TYIIHK, CPABHUMBII C IMIAXMATHBIM I[yTTIBAHIOM U BCE BO3MOXKHBIE
MYyTAIMH YXYIIIAIOT €ro IpUCIocob/IeHHOCTh. VIMEHHO 1M03TOMY Kas3aBIIasics KOIJA-TO IMePCIEeKTHB-
HOI Tepamus ¢ bakTepuodaraMu UMeeT orpaHuueHHYI0 3ddekTuBHOCTD. [Ipobiema MomemupoBanms
B TOM, 9TO J1aDOpPATOPHBIE CHCTEMBI IIPOTUBOOOPCTBa OakTepnn — OakTepuodar 10 M mocje BO3-
HukHOBeHus1 onocpegoBannoit CRISPR-azanranyum cyimecTBeHHO OTJIMYAIOTCs U 9TH CUTYAIUNA He
OIMCHIBAIOTCS OJHUMU MOJIEbHBIMUA yPABHEHUSAMH.

1B SInonun Dankai no Sedai Ha3BIBAIOT POAMBIIKMXCS B OBl HEOGBIYHO BBICOKOI pokpaemoctd 1947-1949 r.
2T'paduk memorpaduyeckoii mupamugsl JdnoHnu ¢ ayMs nokosienusmu Dankai npezacrasien B crarbe "Buxumequm" .
URL: https://en.wikipedia.org/wiki/Demographics _of Japan.
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YeToitunBoe MUKJIMIECKOe MTOBEIEHNE B PEAJIBHBIX IKCIIEPUMEHTaX ¢ HEOBICTPO BOJIIOIMOHUDY-
IOIIAMH QHTAIOHUCTAME HOJIYUYUTH JTOBOJIBHO IIPOOIEMATHIHO, 9TO ObLI0 nmoka3ano 1934 r. I.®. T'ayse
[3] B cepun saboparopHbIx sKcHepumenToB "xuiHuK />keprea. BosHukine kosnebanus y momysnumii
ABYX BUJIOB ObLin HemoaruMu. OIBITh 3aKaHINBAJINCH IOCIEI0BATEIbHON NX IHOEIbI0 U HYJIEBBIM
paBHOBecueM. OIHAKO U3BECTHO, 9TO B TPOIUYECKUX JIeCcax, IJie B IOUBe KOHKYPUPYIOT COTHHU BUJIOB
IPOCTLIX OPraHU3MOB, HOAIEP:KUBAETC cTabuIbHas cuTyalus. MaciurabHble BCIBIIKHE YHCICHHOCTH
BpeauTe el U 3HaAMEHUThIe "IUKJIIbI JeMMUHIOB" XapaKTepHbI JJIsi CEBEPHBIX IIUPOT, I'jie OHOopa3HO-
obpasue HEeBeJINKO, a JUMATHPYIOMNHA (pakKTop — HU3KAast CKOPOCTH BOCCTAHOBJIEHUS PACTUTEHHOCTH.
B mioTHOM TpOIMYecKoM COOOIIECTBE HU OJMH HOBBINA BUJI-XUIHUK HE MOXKET PAa3MHOXKHUTHCS TaK
OBICTPO, ITOOBI YHUUTOKUTE BUI-?KEPTBY, TAK KaK €ro M30bITOUHAsST PEPOAYKTHUBHAS aKTUBHOCTH
OBICTPO KOMITEHCUPYETCst. ¥ 5P PEKTUBHBIX BUIOB-IIAPA3ZUTOB MOABJIAIOTCS CBOU IIAPa3UThl BTOPO-
ro nopsiaka. Iloce Hayala MHBA3UK B aJallTUBHYIO CPEeIy MU3MEHSIIOTCS He TOJIBKO IapaMeTphl, HO
1 bopMa peryJIsiun Ipoliecca, e BayKHYIO POJib UIrpaeT (haKkTop 3ala3bIBaHus peakiuu. Tak
XpecToOMaTHiiHAST MOJIEIb IIPUBOIUT K IIPOTHBOPEUNBOMY BBIBOIY, YTO B IIPOCTOI CHCTEME MOXKET
COXPAHATHCS CTAOMJILHBIA MUKJIMIECKUA pexkuM. B peasibHOCTH CTabOMIBHOCTH COODIIECTBa BUIOB
pacTer ¢ yBeJUIeHNEeM KOHTYPOB OOPATHBIX CBsI3eil, HO IpHU yBeaudeHnn (a30BOTO IPOCTPAHCTBA
BOJIbTEPPOBCKHUX MOJIEJIel KaK pa3 BO3MOXKHO ITOJIyIeHHE CJIOXKHOM HEYIIOPSI0OYECHHON TUHAMUKHA U
aIepUoOaNIecKNX KOJIeOAHMIA.

[Ipy BOBHMKHOBEHNHM SIUIEMUI U MHBA3UN PAa3BUBAIOTCS OYEHb PA3HOPOJHBIE 110 CBOUM JIMHAMU-
JEeCKUM IIPpU3HAKaM IIPOIECCHI, KOTOPhIE HE OIMCHIBAIOTCS OJHUM M3HAUYAJILHO 3aJaHHBIM HaAOOPOM
ypapHeHuii. DaKTopbl IPOTUBOAEIHCTBUS BOJIATUILHBI U M3MEHUYMBBI, TaK KaK BUIbI-arpPECCOPbl U Cpe-
Jla UX PacIpOCTpaHEHHsI [IPEeTEPIIEBAIOT Pa3HOOOpa3HbIe SBOJIOINOHHBIE U3MeHEeHUs. B pesyibrare
KOHKYPEHTHOI 60pbObI BOSHUKAIOT CHEIU(MUIECKUE aIallTalllii, KOTOPhIE HEOOXOIUMO yIUTHIBATD
[IPU TIOCTPOEHUU MOJIEJIH C aJTOPUTMOM IIepeOIpeiesIeHUs CTPYKTYPbI. VI3 onmucaHHBIX POTUBOPEIUi
BO3HHUK IapaI0KCAJbLHBIA TPUHIAII YIIPABIAEMON 9KOAMHAMUKH: YTOOBI IOJIyYUThH O0Jiee IpoCToe
[OBEJIEHIE CAMOPETYIUPYEMOil OMOCHCTEMBI, 9Ty CUCTEMY HEOOXOJIUMO YCJIOXKHUTD.

B craThe MBI IIPOJIOJDKUM Pa3BUBATH PaHee IIpeJJIoYKeHHbIe B cepun pabor B xKypHase CI'Y [4]
MEeTOJIbI TUOPUIHOTO MOJIETMPOBAHUST JIJIst crienuduaecKux 6nopu3nIecKux BaeHui |5] 1 MoporoBeIx
nporieccoB sKoauHaMuku [6]. st pasHbIX 0ObEKTOB M CUTYAIUil aBTOPOM HCIIOJIb30BAJINCH PA3JIN-
HBle KJIaCChl MOJeJIell, KaK JAMCKPETHbIe, TaK U HelnpepbiBHbIE. I 3a1a4 onucaHus CTPYKTYPhI
B3anMozieiicTust porecco B KacuuiickoM Mope B 1ierovkax mepejadn Boszeiicrsust |7| u ycranosiie-
Hus posin PaKTOPOB B Jerpagamnun buopecypco Kacnus monudumpoBan (popMain3M KOTHUTABHBIX
rpados [8]. Llesb Hacrosime paboTbl — pa3paboTKa MeTOo/[a MOJEIUPOBAHUsI BOCIIPOU3BOJICTBA T10-
MyJISIAR B Crenu@UIecKoM CIydae alalTallid WHBA3HOHHOIO BHJA IIPU OOPA30BAHUM CMEXKHBIX
IIOKOJIEHUI C TeTEPOreHHBIM >KM3HEHHBIM ITUKJIOM. 110 OIBITY aBTOpa akTyaJibHas 3a/a4a MOJIEJIH-
poBaHmsI buocucTeM TpebyeT PasBUTUST OPUTMHAJIBHOIO ITOJIX0/Ia, TaK KakK B IIPOTUBHOM CJIydae He
rorpeboBaJia Obl IPOrHOCTUYECKUX pacdeToB. [loHsaTHEe rHOPUIHOCTH MOMEIN CTAJIO CJIMIITKOM IIH-
POKHUM, ITOTOMY MBI TOBOPUM O JIOTUKO-COOBITHIHOM U JUHAMUYECKU [IEPEOIIPEIE/ISIEMOM CITIOCO0e
[OCTPOEHUS BHIYUCIUTEILHBIX CTPYKTYP.

2. OO6ocHOBaHHOCTH TpaHcdOpPMAaIIUil ITOBEAECHUS AUCKPETHBIX
MogeJsieii COrmoOnOIOTTIECKUX CUCTEM

PaccMoTpuM TeopeTntecKn BaKHble CBONCTBA M HesHHEHHbIE 3P deKTh JUHAMUKI TPAEKTOPHI,
BO3HUKABIINE B 33JaHHBIX B (pOpME HUTEPAINOHHON JUHAMHUKN SKOJUHAMIYECKUX MOJE/ISIX. DTO
HOIYJIAPHBIA bopMasn3M, Tak Kak mosesenne |9 urepanuii 3HAIHTEILHO PA3HOOOpa3Hee P MaJIof
pazMepHOCTH (Ha30BOrO IPOCTpAaHCTBA. BapuanTsl $has30BBIX IOPTPETOB UTEPAIMOHHBIX MOJIEIen
OOIIUPHBI: TOYKHM PABHOBECHS, IMKJIbI, HECKOJBKO THUIIOB aTTPAKTOPOB W PENesiepoB B dopme
KaHTOPOBCKOI'O MHOKECTBA — KOMIIAKTHOI'O, COBEPIIEHHOIO U BIIOJIHE PA3PBIBHOIO MHOXKECTBA, IJe
HET HI BHYTPEHHUX, HI U30JIMPOBAHHBIX TOYEK. [IpH 9TOM €CTh HECKOIBKO MEXaHU3MOB 00PA30BAHUS
B WTEPAINOHHO JUHAMIKE TaKUX (PpaKTaJIbHBIX 00beKTOB. Bosee Toro, dpakraabable 06bEKTHI
Kak arrpakTopbl A @ f(A) € A,dA ¢ A MOryT MOMEHTAILHO TepsITh CBOCTBO MHBAPUAHTHOCTH
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Ixx € A: f(xr) € A, conpukacasch co cBoeii rpaHuIieil, Ipu TOM MHBAPUAHTHAS IPAHHUIEA 00J1aCTH
npursikenust Vxg € O : limy, e f"(x0) € A cama T02Ke MOXKET GbITH KAHTOPOBCKIM MHOYKECTBOM.
st wrepanmit X, 41 = f(_... (X0)...) ycTaHOBJIEHBI CBOHCTBA XAOTH3AIMK [OBEJICHUST, KOTOPHIE

n
YHUBEPCAJIbHBI 1 OTHOCATCA K IIEeJIbIM KJIaCCaM OTO6pa)K€HI/II7I OTpe3Ka B cebst. Hpo6neMa XaO0TU3aluum

B TOM, UTO €CJIA OJUH U3 PEXKUMOB IIOBEIEHUSI UTEPAIMil [I0JIYIaeT TPAKTOBKY, TO C 3TUM PEKUMOM
aCCOLUMUPOBAH PsAJl U3OBLITOUHBIX OudypKanyil Wik KPUSUCOB XaOTUIECKOro arTpakropa A. XaoTu-
3aIys B UMUTAIMOHHOM CIEHAPUM MOXKET BHE3AIIHO 3aBEPIINTLCS YCTOWIMBBIM IUKJIOM IIEPUOJIA
p#2,i=0...00.

MeToz MOIeTMPOBaHNS TIOKOJIEHNTT B UTEPAIUSIX ¢ BO3MYMIEHHEM iy X1 = P(Xy,) — By BBIIA-
AT HarjsgaHee. B ncTopuy n3BeCTHLI IPUMEPLI HEYIATHOIO IPUMEHEHES 1)1 ONTAMUAZAINI IPOMBICTIA
3a1acoB PhIO MOIEN Ha OCHOBE HEJIMHEHHO (DYHKIMN CBSI3U CYIIECTBYIOIIErO 3aIlaca B3POCIbIX C
HOPMOI{ BBIJIOBA § ¥ IIPOM3BOAMMOLO 3aIIACOM IIOIOJIHEHNs, HAIIPUMED Xj, 41 = AX, exp (—bxy), a > 1,
0 < b < 1, ecim riobambHas Touka x* = P(x*),1 < a < 4,Vxg > 0,lim,_e0 l[J(xo) = x* Tepsder
ycroitauBocTh ipu 4 = €2 + €, [p/(x*)| > 1. VIMeHHO B yrKe H3BECTHBIX MOIYJISIMOHHBIX MOJIE/ISX ObI-
Jla OOHapy:KeHa MUKJIXIHOCTD ¥ TEOPETUIECKN MCCJIEI0BAHa Xa0TU3alls TPAEKTOPUH, OIPeIe/ITeMast
KaK CIleHapuil KacKaja OudypKanuil y1BoeHUs IIepuoia p = 20§ — 00,0 = e < 00 C OBIIIMHE J|JIsT
Beex ureparuii koucrantamu M. Peiirendbayma [10]. B napamerpuueckux quanasonax 4 > e HaOJIIO-
JIAIOTCsT TIEPEXOJIbl Xa0C — MUKJI, oOpasyromnue 6eCKOHEYHOE 9nCJI0 "OKOH repuogudHocTu" B CUITY
CBOIICTBA CyIIECTBOBAHUS 1 [IAD TOUEK Ilepecevuenust ¢ upsaMoit P(x) = x y siro6oii 1 pa3 BBIUYUCIICH-
HOll yHnMozabHol dyukmun P (... ¢ (x)...). Xaornsanus — cjeJCTBIE BOSHUKIIETO 3aMKHYTOTO
MHOZKECTBA, HE COAEPKAIIEr0 HUKAKUX BHYTPEHHUX U M30JUPOBAHHLIX TOUeK. B da30Boil ImI0CKOCTH
UTepannii TaKoe MHOXKECTBO 00pa30BaHO ITOCJEI0BATEILHON IPOIELY POl U3-3a HECUETHOIO UHCJIA
HEYCTONUYMBBIX TOUCK BCEX 2'-IMKJIOB U BCEX MX IPooOpasos: F = UJZn P (x]*) ObpazoBaHne HUTLE
HE IJIOTHOTO MHOXKECTBA M3-3& MCKJIIOUEHUs] KOHTHHYYMa [MEPUOIUIECKUX TPAEKTOPHUl BCEX TePH-
0110B — cyrybo MareMaTudeckoe sBjieHne. i IporHo30B 3KCILIyaTaluu HOIYJIANUi Tpedyercs
PaCIIMPHUTh CBOICTBA MO, AKTYaJbHO ObLIO Obl IIOMy4nTh y P(X) JBE CTAIMOHAPHBIE TOUYKH
0 < ¥} < Xpax < X3 ¥ HEHYJIEBYIO TOPU30HTAJIBHYIO aCHMIITOTY, CIeJIaB nosegenue " (xg) Metee pas-
HOOOPA3HBLIM U, 3HAYNT, HeXaoTuIecKnM. Llesecoobpasto i MOJETUPOBAHIA PEATHLHOCTH HAPYIINTD
Janusle B pabore [11| pamMkun ycaoBuii cieHapust ¢ p = 20— 00 ¢ 3Ix,0<x < Xpax %w(x) > 0,
usberast TAKIM CIOCOOOM JyIsl yHUMOa/IbHbIX urepanuii ¢ f/(x) # 0, X 7 Xmax OCHOBHOTO KPUTEDHsI
HEOIPAHMYEHHOCTH KacKaJla yIBOEHUI — OTPUIATELHOCTH IIBapIUaHa;

_lPHI(X)_§ M 2
o=t 2 () <°

[ 151 IOy IAIMORHBIX IUKJIOB X; < X7 1 Y BUJIOB C KPaTKUM OHTOI'€HE30M XapaKTe€PeH MaKCHMyM

P 3aBEPIICHUH [I€PUOJIa, HO IUKJIBI 1ocje budypKaluil yIBoeHUA P = 2141 HyKHBIM pacioso-
p—1
* * * * *
JKeHHeM ToueK X < Xiq < X, '21 x; <X, obyiamaTh He MoryT. [lo 06xomy ToUYek pas3/imdaioT
1=

BO3HUKIIIHME PN PA3HBIX 3HAYCHUAX 4 INUKIBL p = 4 X2 n p = 24, Cormacro Teopeme Illap-
KOBCKOTO [12], B MOJIe/TH BO3MOYKHO TOTyHeHHe IUKJIOB TIepHoJoB P # 2/, HO B MaJIbIX Tapamer-
puecKnx juanasonax us a € [1,00] n muokecrse: A = U, 3{Ap} nepmomuieckux okon npn
Ap = [ap,ap:] = 0,p =3... = co. ['paHuUIBEI TADAMETPHIECKOrO OKHA Ay, Apx| IUKIIA TIEPHOIA P
Cpen Xa0TUYEeCKUX MHTEPBAJIOB [ap, ap*] — max npu p = 3. Ilopaaxom uucesn A.H. ITlapkosckoro
YKa3aHO COCYIIECTBOBAHKE TIEPUO/IOB [[MKJIOB, ¥ HEYEeTHbIE [IEPUOJIBI CJIEYIOT MOCIe BeeX YeTHBIX [13].
[Topsiiok dmcest CoOCyIeCTBYIONMMX ITUKJIOB HATHMHAETCS CO BCEX CTEIeHe Trcia 2, HO 3aKaAHINBACTCS
Ha 1ukJse p = 3. B TOT MOMeHT, KOT/ja 10JIy9aeM B MMHTAIIMOHHOM 3KCIIEPUMEHTe UK JJINHBEI TPH,
TO, 3HAYUT, YK€ CYIIECTBYIOT IUKJIMIECKIE TPACKTOPUH BCEX MEPUOIOB IIPH JAHHOM 3HAUCHUU Tapa-
MeTpoB (HO 9TH IMKJIbI B JaHHON KOHMUIYpaIMi apaMeTpoB HeyCcToitunBblie). B umuraimonnoM
CIIEHAPUU TIPH JIIOOOM BO3MYIIEHUM KOIDMUIIUEHTOB TPACKTOPHS CTAHET IIEPEMEXKAONIEHCs, TaK KaK
caM IUKJI JJIMHBI TPU B paMKaX IIE€PUONIECKOTI'0 OKHa IIpeTeprueBacT YABOCHUA C BOBHUKHOBEHUEM
YETHBIX IUKJIOB, HO HE CTeleHeil nBoiiku. Tpaekropusi OyJeT MpaKTUIECKU JTJAMUHAPHONW B OKPECTHO-
CTSIX TOYEK ITUX IUKJIOB, HO BHE3aIHO MOKuIaromeil mx. CyIHOCTHBIN BBIBOJ B TOM, UTO MOJIE/b
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JI7ISI PEryJIMpPyeMOro IIPOIECcca ¢ MUKJIOM HEYEeTHOTO IePUo/a IPU HeOOIbITOM BO3MYIIEHUN CMOXKET
JIeMOHCTPUPOBATD JII00OE IOBEIEHNE CO CIIOHTAHHBIMEU U PE3KUMU IIEPEXOJAMH MEXK/Iy Xa0COM U ITUK-
Jlamu B "OKHaX HEPUOIUIHOCTH" KOTOPBIE CYIIECTBYIOT JJIs KayKI0To rnepuoa. Jjis mpakTHIecKux
3aJ1a49 IPOrHO3UPOBAHUsI TAKON BapUaHT IIOBEJACHUsI HE SIBJIAETCS JOCTOMHCTBOM MaTEMaTHIECKOIO
ammapara, U Ha CaMOM Jiejie 60jiee aKTyaJbHbI MOJIE/IN JIJIsl ONMCAHUS TIOPOTOBOi 3(hpeKTUBHOCTH
BOCITPOM3BOJICTBA CMEXKHBIX IMOKOJEHUN MPOMBICJIOBBIX MONYJIANUI 1 HeJuHeitnoro sdgpdexra OJun,
YeM XaoTHIeCKnX pexknMoB. COTJIACHO paCIIMPEHHBIM pPe3yJIbTaTaM O MOTepe yCTOWIHBOCTH BO3HU-
Kaomux MuKJI0B B padore "Ilepron Tpu npusoaut K xaocy" [15], HOmysisiiyst ¢ HEIETHBIM IHKJIOM
He GyJeT CyIIeCTBOBATH CTAOUILHO B BOJIATUIILHOM CpeJie, XOTsI YUCJIO HOKOJICHHN p 7# 2! 10 nuka
AKTUBHOCTH BCTPEYIAETCS TACTO Yy MEJKUX MJIEKOMUTAIONIX. Koaeb romumecs: Moy Iy ¢ IINKJIOM
U3 Tpex MOKOJIeHWiT U3BecTHbI [14], HO ciieyer i U3 3TOro BHIBOJL O HECTADMJIBHOCTH U XaOTHUIHO-
cTr 910 buocucreMbl? MHOIHE TOMYJISIIAN AeHCTBATEIHLHO JEMOHCTPUPYIOT HEPEXOIHBIE PEIKUMBI,
CTaJINN TIOBBIIIEHHON aKTUBHOCTHU, CMEHSIOIINECs] HEIPECCUsIMHI, HO 9THU SIBJICHUS HE IMOIXOIAT IO
[IPU3HAKNA OIUCAHHBIX KAYECTB UTEPAIMOHHON TUHAMUKH.

Taxkum 06pa3oM, HEKOTOPBIE U3 CBOWCTE y IMOIMYJISIPHOIO MATEMATHIECKOIO alllapara B MOIYJISIH-
OHHOI MHTepPIpeTaIui N30BITOYHBI, TaK KaK MPUBOIAT K HEIIPEICKA3YEMOMY YBEJIMIEHUIO CJIOKHOCTH
$a30BBIX TOPTPETOB U BAPUATUBHON MOCJIEI0BATEILHOCTH Ou@ypKaIil 1 KPU3UCOB aTTPAKTOPA.
B pesysnbrare cBoiicTBa MOJI€e € YIIPABISIEMBIX MTOIY/ISITHOHHBIX ITPOIIECCOB MPY HEKOTOPBIX HAKJIAIbI-
BaeMbIX Ha f() yC/JIOBHSIX B CYIIHOCTHOM PACCMOTPEHHH IIPOBJIEMbI OKA3bIBAIOTCS IIPOTHBOPEINBBIMU.
Pemrennst m BBIBOMBI IIPU COMMOCTABJIEHNHM PACIETOB IPU BOSHUKHOBEHNM KacKasa Oudyprammii ¢
peaIbHOCTBIO BBIXOAST M3 KPUTEPHEB MPUMEHUMOCTHA M €IUHUIIBI COCTABJISIOMMNX OMOCHCTEM BCe-
I7Ia CIEeTHLIE MHOYKECTBA, a IOy IPEeJICTaBIsIeTCd KaK KOHEYHOEe MHOXKECTBO Pa3IMIUMbIX
00beKTOB. MIMuTAIIMOHHOE TIPeICcTaB/IeHne MUKINIHOCTH JIJIsi PEaJIbHBIX CUTYAIN SKOINHAMUIKI HEO0-
XOJIMMO MOJIU(PUIIIPOBATE C IEJIBIO0 COOIIOAEHUS] e ICTBUTEIBHO CYIIECTBYOMNX Oy ISIITHOHHBIX
OI'PDAHUYCHUN.

3. HMuaTepnpetalius cBOMCTB KoJieOaHMIT IPU BKJIIOYEHUN
3amna3/ b BAHUS

Baras bIBalomas peryJsiysa — BaxKHOe CBOMCTBO MHOIMX OMO(MU3NYECKIX IIPOIECCOB, HAIIPU-
Mep BBIPa0OTKM UMMYHHOIO OTBeTa. BKioueHune 3anasupiBans X1 = P(x,) @(X,—;) wm X1 =

m
=ax,exp(— ¥ bjxn_j) — (X, HapyIIaeT BayKHBbII KpuTepuil u3 reopeMsl k. Cunmkepa o eIuH-
i=0

CTBEHHOCTH (W-TIPEJIEILHOTO MHOKECTBA TPAGKTOPHH YHUMOJIAIBHOM 1" (X(), HO TOsIBIIeHne abTepHa-
TUBHBIX IPUTATHBAIONIAX IUKJIOB CO3/aeT IMHAMIYIecKHii 3(pheKT B TOHKOM JHalla3oHe I1apaMeTPOB.
Bkimouenne 3ama3qpIBaHusa — yI0OHBIH CHOCOO ONMCAHIA MUKIMIHOCTH B HEHPEPLIBHLIX MOJIEIAX.

DIyKTyaIuy 9UCICHHOCTH BO3HUKAJN y M30IMPOBAHHBLIX HOIY/IANHN B KOHTPOIUIPYEMbIX yCIO-
BUSX JaOOPATOPHBIX OIBITOB U3-3a KOHKYPEHIUH IHOKOJICHHUIl 3a MeJJICHHO BO300HOBJISIONIHECS
pecypesl [16]. Crioxkible KosiebaTe/ibHble 1 allepPUOJIMYECKUE PEKUMBI BO3MOXKHO TOJIYIUTh B OJIHOBH-
JIOBBIX HEIPEepLIBHBIX MOJIE/ISAX ¢ BKJIIOUEHHeM HeJIMHefiHol 3anaspisaomieii peryasmnuun dN /dt =
=rF(N(t—1)) — F(N(t —h),N(t)). Jlorucruueckoe ypasuenue dN/dt = rN(t)(1 — N(t)/K) ¢
MOHOTOHHBIM TpubJzkennem K nopory aummm Vi, 7, N(0) < K : N(f) < K, lim_ N(7,t) = K ax-
TyaJIbHO JIJIi OOOOIIEHNsI ¢ 1eJIbIo MOJEIMPOBAHHSA CIIeHAPUEB PeryJIspHBLIX KojebaHuil, Ho He JIjIs
yJILCUPYIONIUX BCIBIIEK ¥ arPEeCCHBHBIX MHBa3Wil. Hampumep, MOXKHO MOTYIUTD 3aTyXaIOITHit
MUKJITYeCKIi PesKUM B BapHaHTe ypaBHEHUs XaTIHHCOHA C 3aBUCAINEH OT IJIOTHOCTH HOIYJIAIAN
0OpaTHOI CBSI3BIO:

aN _ o (1= N(tE—T) N(t)*
ﬁ_rN(t) X _9(E2+N(t—T1)2)'

s oncanus TUHAMUKYA HEPETryJISIPHBIX KOJeOaHuil TabopaTOPHbIX HACEKOMBIX IIPHU COCYIIe-
CTBOBAHMUU UMAaro W BCEX CTaJMil JMYUHOK MPEJIOZKEHO ypaBHenue [17] co cocpeoToueHHbIM 3amas-
JIbIBAHUEM b U ¢ IOCTOSTHHOI CMEPTHOCTBIO (:
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dN
It =rN(t—h)exp(—bN(t—b)) —N(t)q, r,b,q,T>0. (1)

Yeranossiero [18], uro B perternn (1) ¢ pocroM rh 10sIBIISIETCS IIUKII PETaKCAIIMOHHON (GOPMBI U IIpH
YBEJIMYICHUN 3HAYCHU allepHOo/InIecKast IMHaMuKa 6osibIieii amimybt. [logobusie (1) ypaBaenust co-
XPAHSIIOT BasKHbIIl HEJIOCTATOK JIUTs TTONY/ISIMOHHBIX IIPOrHO308: JF, lim, ;min N,(rh > B,t) = 0+e,
TaK Kak ecim MuHUMYMbI 1ukia Ny (rh) crpemsTes K Hy o, TO JIMTEBHBIH pexkuM (uryKTyaruit
qucsieHHocTH HepeasmerndeH. [Tpu veGosbmmx rh B (1) MOXKHO MOy IUTH BPEMEHHOE TI€PEHACHIIIEHNE
co crabumuzarueii pocra: 3t, v, hYN(0) : N(t,rh) > K : limso N(rh, t) = K. Bemmauna skosornye-
ckoit numm K HETOKIeCTBEHHA, JIEHCTBYIONEMY YPOBHIO HACKIINEHUS JIaDOPATOPHBIX yeaoBuil K.

C 1meabio MOJIETMPOBAHMSI CUTYAIUU MMOSIBJICHUS aJalITHBHOIO BO3IEHCTBHUS y aTaKyeMoil Bce-
JIeHIIeM cpejibl npeyioknm Mogudukanuio mogesu (1) ¢ —F(N(f — b)) u ¢ meiicTBytomum Ha
OUOTUIECKYIO Cpely Toporom A:

dcTIj = rN(t —b)exp (-bN(t b)) — (Aei\jzz\fgét_—hg))f ?

IIpeyioxkennas Moudukanys (2) ONUCHIBAET AKTYAIbHYIO /sl HHBA3HIl CUTYAIMIO — OJIHOKPATHOIO
IIPOXOZKIEHNUsT COCTOSHUST MAJION, IPUOIMZKAIONIENCsT K KPHTHIECKOMY TOPOTY BBIKHBAHMUS IHCIIEHHO-
CTH, TaK Ha3blBaeMblil sKosorndeckuit apdexr "Gyroiounoro ropasiuka". Kpusuchble sipjieHnst
DY MHBA3USIX CBS3aHBI CO CTPEMUTEBHO &/IAITHBHO BOSHAKIINM POCTOM AKTHBHOIO OHOTHIECKOTO
[POTHBOAEHCTBHSI, YTO MOXKHO HCIOJIB30BATH JIJIsI BBIDAOOTKH Mep IHOJIaBJIeHHs ONAacCHBIX BU0B. Dop-
Ma HEJIMHEHHOCTH B PA3HBIX 9KOJOTHIECKUX CHTYAIUSAX JOKHA ObITh pasHad. [l 3a1au aHaInsa
MHBa3Mil JIOrMIHO 110A0upaTh coorBercryomue curyaiun dyakimn §(N — I(h)), uem mensaTs u
JIOTIOJTHATH TapaMeTpbl Mojiesm. CBOHCTBA PeasIbHBIX BCIIBIIEK TPY/HO OIUCATH JIaXKe MOJEIISIMU
¢ F(N(t —hy),...,(N(t —I(hj))). VinBasuommbie HPOMECCHI COCTOAT M3 HECKOJIBKHX CTaJuil I Ba-
PUATUBHBI, TIOTOMY 1€71€CO00PA3HO BKJIIOYATH AJTOPUTMHUIECKH [EPEOIPE/IeIsieMble CTPYKTYDBI B
IIPABBIX YaCTSX yPABHEHHUIL.

4. Metoa HenTPepbIBHO-COOBITUITHOTO MOJEJINPOBAHMS
I10CJIe/I0BATEJIbHOCTU TIOKOJIEHU

Ha ocHOBe mpoBemeHHOTO aHAJM3a CBOWCTB MW HEIOCTATKOB WTEPAIMi W ypaBHEHUH THUIIA
dN/dt = rF(N(t — 1)) — F(N(t — h), N(t)) npeyioKum BapuaHT HEIPEPLIBHON BbIUUCIUTEb-
HOW MOJIEJIH MEPEXOLHBIX MMOMYIAINOHHBIX pexKuMoB. OpuUruHaabHAs THOPUIHAS CTPYKTYpPa JOJXKHA
BKJIIOYATH ACIIEKTHI ¢ COOBITURHBIMU TPaHchOpMaIusIMi (PYHKIMA HEJTMHEHHONR PEryJIsiiind BOCIIPOR3-
BOJICTBA TIOKOJIEHNI, & HE TOJILKO APAMETPOB B IIPABbIX YacTax ypasaennit ¢ N (t — ). IIpakTuieckas
3a/a4a MPOrHO3a AKTUBHOCTH Uy>KEPOIHBIX HACEKOMBIX B OOpeasIbHBIX JIecax OIpeIesInia ajJbTepHa-
TUBHBII UTEPAIUSAM METOJ[ IPEJCTABICHUS Y€PE/Ibl MMOKOJEHNH — (POPMATU3AIUIO CKOPOCTU yObLIN
rokoJjieHnsa oT t = 0 Ha cTausiX JI0 MOJOBOTO CO3PEBAHUA W HOBOTO PA3MHOXKEHUs. Y UTEM eCcTe-
cTBeHHbBIE (PAKTOPHI YKU3HU TOMYJISIUN U BKIIOYUM PA3BUTHE KAXKJIOTO TOKOJIEHUsT HEITOCPEICTBEHHO.
W3-3a mostroit suMueii guamnayssl "crnssaku" AIMTeIBHOCTS OHTOTEHE3a MMOKOJICHNH pasanana (06o-
3HAYMUM 3TH WHTEPBaJIbl BDEMEHH KaK T WU 7 ) B 3aBUCUMOCTHU OT C€30HA U, Oojiee TOro, ObiBaer
HEITOCTOAHHON MEXK/Iy Ce30HAMH, TaK KaK 3aBUCUT OT MOTOALI. JIOTMIHO, ITO JjIs1 CpABHEHUSI CIIeHa~
PUEB UHBA3UI U BCIBIINIEK 3Ta JIMTETHLHOCTD MOCIYKUAT YIPABJISIONUM napaMerpoM. CoObITuiiHbIE
MOJIEJIM BBIIEJISIIOT U3 IIPOCTPAHCTBA COCTOSIHUI MPEINKATUBHO 110 UCTUHHOCTH HaOOpPa YCJIOBU
To4ykHU TpaHchopManmii. Touku paspbiBa B pacdeTax IpaBbIX YacTeil Jierde 3a1aTh aJIOPUTMOM C
BHEITHAMHA BO3JEMCTBUAMM, HO MBI IIPEJIjIaraeM PacCYUThIBATE MOMEHTEI IIePeXo/a U3 JIPYIAX CBA3AH-
HBIX ypaBHeHuii. MeTos MoJieTMpOBaHus TTO3BOIUT PA3IeIUTh MOMEHT PA3MHOXKEHUS U JAJTbLHEHIITYIO
yObLIb nosTyaeHHOro nokosenus Ny(t, = 0), KoTopas 3aMeIgeTcss K MOMEHTY PA3MHOKEHUS U
HOABJICHUS JIPYTI'Or'O CE30HHOT'O ITOKOJIEHUA NnH(th = 0). Mensisi B ClIeHAPHBIX SKCIIEPUMEHTAX
BeJIMYMHBLL T WA ], MOXKHO OIEHUTH BIUAHEIE IPOIOKUTEILHOCTH 3UMOBKH HAXOJAIINXCA B CIAIKE
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ocobeil 3MMHET0 TIOKOJIEHHST U3-3a IIOTOIHBIX YCJIOBHUIl Ha 9aCcTOTY IOSIBJIEHUST TeHepalluil BHICOKOTO
YPOBHS BBI2KUBAEMOCTH M HEOOBIYHBIX BCIIBIIIEK YMCIEHHOCTHU JIETHETO.

TpaﬂI/IH;I/IOHHO y HAaCEKOMBIX C IIOJIHBIM IUKJIOM HpeBpaH_[eHI/Iﬁ ITIOKOJICHN A HE IMEePEKPBIBAIOTCA U
HUMEIOT Pa3/InYHbIEe YCJIOBUS PA3BUTHA, YTO HE BBIIOJIHSJIOCH B YIIOMSHYTBIX dKCIIepuMeHTax Hukos-
cora. COOTBETCTBEHHO, Y HUX IIPOSIBJISIIOTCST MHBIE MEXaHU3MbI, KOHTPOJIUPYoIne (hopMUpOBaHUE
HUTOIOBOTO TI0JIOBO3PEJIOro IoKoIeHus. CBOMCTBa pas/mIaioTca OMOMPU3NIECKU: TaK, CAMKHA 3UMHIX
CE30HHBIX IIOKOJIEHUI 4acTO 00J1a/1al0T Pa3HOi IJIOAOBUTOCTHIO M MUI'PAIIMOHHON aKTUBHOCTBIO. OT-
JIO?KEHHBIE sIiiia, HUM@BI WIK KYKOJKH 3UMHETO IIOKOJIEHIST HAXOASATCS B JOJAIOM aHabHO03€ 10 BECHBHI.
I/IX ITOKOJICHUA-CMEHIIMUKN Pa3BUBalOTCA B BECEHHUX YCJIOBUAX. Sf'-ITeM7 Y9TO MHTEpBaJl BpeMEHU MEe>K-
JTy TOSIBJIEHUEM TT0JIOBO3PEJIBIX TeHEPAIHil MOXKEeT He ObITh MOCTOSTHHBIM. Y 9eT YNCI€HHOCTH OMACHBIX
HaCEKOMBIX IIPOBOJAT 110 BPeIsiiieil CTaauu, OObIYHO HUMG] MJIM I'yCEHHUIl CTapIINX BO3PACTOB, HO
He 1o B3pocsoi cramuu. Crarucrukoit bukcupyercsa cocrognue nokonennss N(T) B onpeienenubii
MOMEHT ¥ He3aBEpPIIEHHOIO IIUKJIa PAa3BUTHsA. BO BpeMsl 3aIlyCKa BCIBIIIEK YHCIEHHOCTH BPEIUTE-
JIeil COCTOSTHIE TOIYJISAINN OIEHNBAETCST MOHUTOPUHIOM TI0 pa3MepaM IIOpaykKeHHbBIX IIOMaIeil Jieca.
[Ipenyozkennasi METOIUKA PACUETOB CONPIAXKEHHBIX KPAeBbIX 3aJ1a4 Ha MIOCIeI0BATEILHOCTH HHTEP-
BaJIOB BPEMEHH — 9TO €CTECTBEHHOE IPEIUKATUBHOE OIUCAHUE JJIsl aHAJIN3a PA3BUTHUS HACEKOMBIX,
KOTOPbIE OTJIMYAIOTCSI BHIPAYKEHHON CTaIUIHOCTBIO PA3BUTUS, U UX ITOKOJEHUs] CTPOrO II0CJIEI0Ba-
TEJIbHBIE. I‘Ial‘[pI/IIVIep7 y OUKa/ IIOKOJIEHUS IMOABJIAIOTCA Ha ITOBEPXHOCTH, PAaSMHO2KaIOTCA HE Ka,)KﬂbeI
rOJl, M TAKOH »KM3HEHHBIN IIUKJI IO3BOJISIET YXOAUTH OT aTak CIelu(UIeCKUX IapasuToOB.

5. CTpyKTypa ypaBHEHUiI pa3pbIBHOTO >KN3HEHHOT'O ITUKJIA

Uccnenosars nenmmHeiinbie 0cobeHHOCTU 3PHEKTUBHOCTH PA3MHOXKEHUS MOXKHO, PACCUUTHIBASI
yOBLIb YUCIeHHOCTH KazK1oro nokosenust N(0) 10 ero pasMHOKEHWs! Ha MHTEpPBAJIE BDEMEHHU, Pas-
JeJIbHO YUTS (PaKTOPbI CMEPTHOCTU B MOJE/IN JUHAMUKU ILJIABHON yOLLIN:

aN
dt

rjie @ — KOMIIEHCUPYIOMN U30bITOK sAUIl HapaMeTp yobuin; B — K03bdUINEHT HE3aBUCUMOI OT

= —(aN(0) + B)N(t), te0,1], (3)

IIJIOTHOCTU CMEPTHOCTH.

st BeceHHEro IOKOJIeHUS CUJIbHEE 3aBUCUMOCTH €ro yObLIM OT HA4YaJbHOW YHCJIEHHOCTU
N(0) = AN(T) wuz-3a jneiicTBun HeraTHBHBIX (PAKTOPOB aKTUBHOCTU €CTECTBEHHBIX Bparos. Ha
pa3BuUBalollleecd BECHOI IIOKOJICHUE OKa3bIBAIOT JaBJICHUE MACCOBbIE IIapa3uTUYeCKHUe IIepelloHYaTo-
KPbLIbIe, N30UPATEbHO ATAKYIOIINe pPaHHUE CTauu pas3BuTus. JleficTBre apa3uToB CTAHOBUTCS
3 DEKTUBHBIM [IPU BBICOKOH ILJIOTHOCTH 2KEPTB, 9TO XapPAKTEPHO I IIJIAHOBOT'O BBIIYCKA APA3UTHU-
YECKUX Hae3/IHUKOB IPOTUB Oabouek-BpeauTeseil. MoxKHO OBLIO MOJABUTH BBIITYCKAME BBIPAIIEHHBIX
MUHHUATIOPHBIX OC BCEX BPEIHBIX VIS KYJBTYPHBIX PACTEHUU YeNIyeKpPbLJIbIX, HO CAMUX Hae3/IHU-
KOB P UX BBICOKOI IIOTHOCTH aTaKyIOT ere OoJjiee MeJIKUE Mapa3suThl OTPsJIa BEEPOKPBLIbIE — B
[IPUPOJIE CUCTEMBI PETYJISINN MHOI'OYPOBHEBBIE.

HenocpecrBennoe nnrerpupoBanue (3) IacT yHUMOJIAILHYIO (DYHKIMIO, CBOWCTBA UTepaIuii
KOTOPO#l MOJTHOCTHIO PACCMOTPEHBI Hamu B § 1:

N () AN N _ N(0)
Jo —GaNOpNG ~ b NG = ANO+BLNG = ey

st cuenapues paccantaem N(0) U3 III0Z0BUTOCTH, & BpeMsl OIPeJIeJIeHO JUINHOM crajuii. BaxHo,

9TO HEIPEPBIBHYIO MOJIJIb (3) Jierde neJieHanpaBIeHHo MOoAudUIIPOBaTh 1 n36erarh ee n3GbITOTHOIO
HOBEICHUS.

BK.HIOLII/IM B MO/JCJIb TO O6CTOHT€HI}CTBO, YTO Ha BBI2KMBAEMOCTDb JINUYMHOK HACEKOMBbIX BJINAET
CKOPOCTb Pa3BUTHS U3-33 HEOOXOAMMOCTH CBOEBPEMEHHOT'O IIepexojla Ha MX CJICIYIONLyIO CTauIo
OHTOTeHe3a. Y4TeM, UYTO CHOCOOHOCTh K M30eraHuio aTak JOMUHUPYIOMIETro Hapa3uTa COPOBOK IaeTCs
JIOCTUZKEHHEM CTa Ui Pa3BUTHs, epeMeHaMn (PU3HOJIOIUU U IIOBEIeHNs, U BKJIIOYUM II0Ka3aTe b
pasmepHoro passurus w(t):
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dN
= —@FBIN©) + BN(), te 0T, (4)

Ckopoctb pocta w(t) = [(N7¥(t)),k & Z orpaaercst Ha BHKUBACGMOCTH TOKOJICHHS B GJIANOIPH-
ATHBIX YCJIOBUAX U IIPU MeHbIIEH IIPOAOJIZKUTEJIbHOCTH OHTOI'€HE3a. CBH3B TEMIIOB pOCTa JIMIMHOK
Slw(t)] 6ymer pasnoit ais nokoseHnii, noromy BeibepeM JBe bopMaIm3aum F.

[Tpumem, 9TO0 MeTaMOpdO3bl MOTYT IPOUCXOJUTH TOJBKO IOCIE HAKOILICHUS JTOCTATOTHOTO
yPOBHs1 BecoBoro pocra w(ts). Cpeansist 06ecrieaeHHOCTh KOPMOM TPYIIIBL 0cobeil, B CBOIO 04epe/ib,
sasucur ot N(f) u gacto npemmecrsytomiero N(f — b)), 4ro onpejesieT JMHAMUKY TEMIIOB POCTa
ocobeit noxkosiennsi. OOOCHOBAH METO/I B3AMMOCBA3aHHOIO OIUCAHUS CKOPOCTH yOBLIN MTOKOJIEHUS B
3aBUCUMOCTH OT TEMIIOB pPOCTa. ﬂﬂﬂ CKOPOCTH POCTa w(t) MHOT'MX BHJIOB Ha II€PHO/IE ?KU3HU II0CJIC
JIMYUHKH M3BECTHO GaJlaHCOBOE ypaBHEHHE aKTHUBHOCTH aHabomM3Ma { M KaTaboau3Ma o

%} - €W_ cw(t), w(0) = wp.

BasrancoBoe ypaBHeHre XOPOIIIO OMUCHLIBACT POCT Psifia XKUBOTHBIX HA, ACUMIITOTUKE MPUOINKEHUS K
w — We, HO UCKJIIOYas IEePUOJi PAHHETO OHTOTeHe3a JJIsi BUJIOB CO CTA/IMAMU YKU3HU U METaMOD-
dozamu. s ppid winm HACEKOMBIX JTAHHOE ypaBHEHME HeoOXoauMo mMoaudunuposarh. loctaTodno
CUJILHO JIEHCTBYET BJUSHUE CKYyYeHHOCTH OCODEN, U IePBbIE CTA NN PA3BUTHS IPOXOJIAT IIPYU JHIOTEH-
HOM TuTaHuu. [Ipu yBe/JMYeHUN IJIOTHOCTA BO3HUKAET ACUMMETPUYHOE PACIIPE/ie/ieHUEe Pa3MepHOi
CTPYKTYPBI TIOILYJISIIIAK, OCTAIOTCS MO0 OYeHb KPYIHbIE, 00 CIAMIIKOM Meakue ocobu [20], uro
BJIUSIET Ha Pa3MHOXKEHUE.

6. CrpykTypa ypaBHEHUIl IJisi JUHAMUKN MEPBOil reHepalun

C OeJIbIO aJITOPUTMHUYECKOI'O OIIMCaHusA CTPYKTYPLI C IIepexodaMn HeO6XO,ILI/IMO OIllMCaHue Uu3Me-
HEHMUS IMOKOJIEHUIT OT MOMEHTA €ro regepanum J0 €ro e JMHCTBEHHOI'0O MOMEHTAa pGHpO,ZLyKTHBHOfI
akTupHocTu. Ouuinem ANHaAMUKY y6bIJII/I YUCJIEHHOCTHU IMOKOJICHH I Ha MHTEPBaJIe t e [0, T] O6’be,D;I/I—
HEHHBbIMU B CUCTEMY YPaBHEHUAMU C YIE€TOM OIITHMaJIbBHOI'O POCTa @Z

ddI\Zl:_ « wZE’At)N(o)Jrﬁ N(t),

(5)
dw w(t)?/3
— = (——= —ow(t).
dt N(t)
B cermente mozenu (5) BKIIOYEHHE 3alia3/[bIBAaHUs U3-38 UCUEPIIAHUST THUIIEBBIX PECYPCOB HEAKTY-
aJIbHO, TaK KaK TEeMII ITOIIOJIHEHUA PECypCOB IIUTaHUA B 9TOM d)ase O6bI“IHO KOMIICHCUDPYET aKTUBHOE

norpebsenne [21]. B nauase pacaeros us-3a srmouenust N(0) yobuib B (5) 0ueHb cTpeMUTENbHA.

7. CrpyKrypa ypaBHeHUi AJis0 JUHAMUKI BTOPOIl CE30HHOI
reHepaiumn
CMeXkHOe TOKOJIEHHE HCIBITHIBAET APYyTrue (PaKTOphl JABIEHUS, UYTO OTPA3UM B CTPYKTYPE.
CI/IHXpOHI/ISI/IpOBaHHaH C HepBI/I‘IHOﬁ YUCJIEHHOCTBIO aTaKa IIapasruTOB — KOPOTKOE CE30HHOE fBJICHUE

[22]. Omnmem BbEKHBaeMocTb Broporo nokosenust t € [0, 7] cucremoil ypaBHeHuI, CBSI3aHHOM 110
HAYaJIbHBIM yCJIOBUAM € (5) M ONTHUMAJIBHBIM 3HAYMEHHEM PAa3MEPHOIO PasBUTUs W JIsl 3UMYIOIIEIO

' ddl\f — (‘x\/mN(t) +ﬁ> N(t—b),

dw _ Q
dt 3N2_|_€'

(6)
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B cermenre (6) w(t) orpazkaer ypoBeHb PA3MEPHOTO Pa3BUTHsI [IOKOJIEHNS], BIUSIIONINI Ha YBEJIMIeHNe
[UIIEBIX OTPEOHOCTE! U MefiCTBY IO HEraTUBHO TIPU BO3MOXKHOM HCYEPIIAHUH TTUIIEBLIX PECYPCOB.
Q — mapameTp, yUUTHIBAIONIUIT OrPAHUYEHHOCTH KOJIMYECTBA JOCTYIHBIX PECYPCOB; { — MapaMerp,
YUUTBIBAIONMI OrpAHUYEHNE TEMIIOB PA3BUTHsl, HE 3aBUCSINEE OT YUCIEHHOCTH, U OTPAarKAIOIIHit
YPOBEHb KOHKYDEHIH 3a pecypchl [23]. & — anamornvno kosdpUIMEeHT CMEPTHOCTH OT CKYYeHHOCTH,
no ipu N(t). B — koabduImenT He3aBUCUMON CMEPTHOCTH, y4TeM HeGOJIbIIoe 3anasibiBanue .
Hauanbnbte yenosust: N(0) = AN(T), w(0) = wy, A — cpennss m1010BUTOCTb 0cobeii. Benbimky B
dbopMe KpaTKoro miKa aKTHBHOCTHU B TIPE/TIOZKEHHON MOJIE/IN 3aIlyCKAeT MOBBINIEHHAsT BHKABAEMOCTD
3UMYIOIIEro MOKOJIHHsI TIPU COKPAIIEHUI BPEMEHU 3UMOBKHU Ha (bOHE CHHKEHHOIO KOHKYDEHTHOTO
dbakTOpa JIJIsT BECEHHETO TIOKOJIEHUs TIPH €ro BBICOKOM IUIOMOBUTOCTH, HO UCUEPIAHUE PECYPCOB
IIPOILIOfT TeHepanueii CHIKAeT BO3MOKHOCTU MACCOBOIO Pa3MHOMKeHHs. 11epCreKTUBHBIM BApUAHTOM
Pa3BUTHS METOJIa BUJIITCS OT/IEJIbHAS MOJIETb BOCCTAHOBJIEHUs PECYPCOB MOCJIE BCIIBIIEK MACCOBBIX
Pa3MHOKEHHIl, 32 KOTOPbIE OTBEYAET BTOPOE TIOKOJICHHE.

BriBoabl

TakuM 00pa3oM, B JaHHO paboTe HaMU MPOBEICH aHAJN3 HHTEPIPETUPYEMOCTH ¥ TPAHMUIL GHO-
JIOTHYECKOH aJJeKBATHOCTH CBOMCTE 6U(ypKaIMOHHON TUHAMUKK (byHKIHOHAIBHBIX YHIMOJAIbHBIX
ureparyii X, 1 = PX, U IOKA3AHbI IIyTH PA3BUTHS [IPOTHBOPEINBBIX (DOPM MOBEIEHNS] TPAEKTOPHH
IpU CMeHe IMUK/IMYECKUX M XaOTUYeCKUX PerKUMOB. lIpejjiozkeHa MeTOIUKa IIOCTPOeHUsl COIps-
JKEHHBIX TMOPUHBIX CTPYKTYP YPABHEHWIl JIIT pacueToB YHCICHHOCTH CMEXKHBIX IIOKOJICHUT Ha
110CJIeI0BATEIbHBIX BPEMEHHBIX HHTEpBaJIaX Pa3HoOil JIMTeJLHOCTH. B BBIYUCIUTEILHON cpejie IIPOBOo-
JIATCsI CTHIKOBKA PeleHnii Ha mocsenoBarenbabix kaapax ruopuaaoro T = [0, 7]; U[0, T|; Bpemenn.
OTpeskaMu TPaeKTOPH, SBOJIONUOHUPYIOIIUX 1O Pa3HBIM 3aKOHAM, MOYKHO OINUCHLIBATH HEpPeryJisip-
HYI0 CMEHY CE30HOB C BBICOKOH M HU3KOW UHMCJIEHHOCTBIO M IMTUJI000Pa3HbIE BCIIBIIIKH AKTUBHOCTH.
Opranmzanys ruGPUIHBIX CTPYKTYP €CTECTBEHHO CIEAYET SKOJOIMU 3UMYIOMIUX BUIOB CO CTATHAMU
passutust [24|. Meros npejcraBieHusi MOJIEJN ¢ COOBITHHHBIMU [IEPEXOIAMU MEXKJLy BapuaHTaMU
npaBoii gactu (5)4>(6) dopmanusyer pasaudust MIOTHOCTHO U apasuTHdeckoil perymsiun. Pax-
TOPBI BBIZKMBAEMOCTHU BCETJa MEHSIIOTCS IIPU CMEHEe Ce30HOB, B TOM YHCJIE UTPAET POJIb ILIOTHOCTD
ocobeit Kak sapucamag wm or N2(t) Texymeit, nm ot ncxognaoro obmmusa N(0), Kak BKIOYEHO
B ypaBHEHMe JIs JUHAMUKN BBIKHBAEMOCTH Bcerza Gojee obuabHOl seTHeil reneparmn. Cdop-
MHUPOBaHa MOJIE/Ib JUHAMUKN BBIKHBAEMOCTH CJIa00 KOHKYPHUPYIOMUX HOKOJEHUN ¢ Pa3JInIHbIMA
YCJIOBUSIME MeTaMOPO30B CTaIuil U MPOJOJIKITEILHOCTIO OHTOTeHe3a, Pa3/Ie/bHO OIUCHLIBAIOIIAS
ﬂeI/UICTBI/Ie IIJIOTHOCTHOM perﬂHHI/H/I Ha BBIZKIBA€MOCTH OCO6eI>,I BO B3aMMOCBA3U C TeMIIaMH UX Pa3BU-
tus. IIpeIoKeHHbIil MeToI aKTyaIeH I MOJIeJUPOBAHUS IMHAMUKHE MHOIHX CTaJUiHBIX IIPOIECCOB
U Pa3pBbIBHBIX OMO(PUBNIECKUX SIBJIEHUI KaK PA3BUTUsI PETYJIUPYEMOrO ITUTOKHHAMI UMMYHHOTO OT-
BeTa, NPOXOSAIIEro KaK CTaJuy IIPe3eHTAIlMN aHTHIeHa, aKTUBAIIME M MPOJudepalii TEMMOIUTOR,
TaK U (1)83}7 I10IaBJICHU A Bpra6OTKI/I OTBETa U TOPMO2KCHHA BOCIIAJIUTE/IbHBIX peaKLLI/IfI cpeacTBaMu
CaMOl UMMYHHOI CHUCTEMBI.

®unaHcupoBanue. VccmegoBanne BBITOTHEHO B paMkax bmomxernoit tembr CIIB ®UIL PAH
FFZF-2025-0006 (pykosoguress jp.1.H. A.C. Teiina).

BaarogapHocTb: aBTOp BhIpakaer birarogapHocThb mnpodeccopy Bacuiuio FOpberuuy Ocurosy.

Nudopmanmmsa o KOHDIMKTE UHTEPECOB: aABTOP U PEIEH3EHTHI 3asBJIAIOT 00 OTCYTCTBUU KOH(MIUKTA
UHTEPECOB.

IMutupoBanue. IlepeBaproxa A.FO. Meron dopMupoBaHust JTOTUKO-COOBITUAHBIX BBIYUCIUTE b=
HBIX MoJleJieli  TpaHchOPMUPYIONUXCs  CONUONHMOPMAIMOHHBIX  11porieccoB // Bectauk Camapcko-
ro yuusepcurera. EcrecrBenHonayqnasi cepusi / Vestnik of Samara University. Natural Science
Series. 2025. T. 31, Ne 1. C. 51-63. DOI: 10.18287/2541-7525-2025-31-1-51-63.



Hepesaproxa A.FO.  Memod dopmuposarus 02uk0-coOmMUiHBE Mmodened. . .
Perevaryukha A.Yu. Method of constructing logical-event computational models... 60 u3 63

(©) Iepesapioxa A.FO., 2025
Andpeti IOpvesuy Iepesaprora (madelf@rambler.ru) — KaH UIAT TEXHUYECKUX HAYK, CTAPINUIl HAy IHbII
COTPYHUK JiabopaTopun npukiaaaoit mapopmaruku, Cankr-Ilerepbyprekuit PerepabHbII BCCIe10-
Barebckuii eHTp Poccuiickoit akajgemun Hayk, 199178, Poccuiickas @enepanust, r. Cankr-IleTrepoypr,
14-g1 JIunus B.O., 39.

JImreparypa

[1] Borisova T.Yu. On the Physicochemical Method of Analysis of the Formation of Secondary
Immunodeficiency as a Bioindicator of the State of Ecosystems Using the Example of Seabed
Biota of the Caspian Sea // Technical Physics Letters. 2022. Vol. 48, issue 7. P. 251-257. DOL:
https://doi.org/10.1134/51063785022090012.

[2] Mikhailov V.V., Trofimova I.V. Computational Modeling of the Nonlinear Metabolism Rate as a Trigger
Mechanism of Extreme Dynamics of Invasion Processes // Technical Physics Letters. 2022. Vol. 48,
issue 12. P. 301-304. DOI: https://doi.org/10.1134/5S1063785022110013.

[3] Gauze G.F. The struggle for existence. Baltimore: The Williams Wilkins, 1934. 129 p. URL:
https://www.gause-inst.ru/sites/default /files/2019-02/ The%20Struggle%20for %20Existence. pdf.

[4] Tlepesaproxa A.}O. MomesupoBanue TeMIIOB POCTa 4yXKEPOJHBIX BUIOB HACEKOMBIX, JuddepeHiu-
poBanHoe 10 crajusM oHTorenesza // Becruuk Camapckoro yHupepcurera. EcrecTBeHHOHaydHas ce-
pusi. 2019. T. 25, Ne 2. C. 100-109. DOI: https://doi.org/10.18287/2541-7525-2019-25-2-100-109. EDN:
https://elibrary.ru/xfoxot.

[5] Tepesaproxa A.}O. CuenapHast Mojiesb 3 deKTa BpeMEHHOIO PE3KOr0 COKPAIIEHNST IMCIeHHOCTH HOILYIIsl-
muu ¢ GOJILIINM PEenpoAyKTUBHBIM napamerpom // Becruuk Camapckoro ynusepcurera. FerecTBeHHOHA-

yunag cepust. 2021. T. 27, Ne 2. C. 80-90. DOI: https://doi.org/10.18287/2541-7525-2021-27-2-80-90.

[6] TIepesaproxa A.FO. Monenuposanue GiIyKTyanuil arpecCHBHBIX IyKEPOHBIX BUJIOB B HENPEPHIBHBIX
MOZIeTIAX ¢ HesasucnMoii peryssinmedt // Bectank Camapckoro yHmusepcurera. EcrecTBeHHOHAyIHAS
cepust. 2018. T. 24, Ne 4. C. 48-58. DOI: https://doi.org/10.18287/2541-7525-2018-24-4-48-58. EDN:
https://www.elibrary.ru/sqmnkh.

[7] Ilepesapioxa A.}O. Hesunelinas Mojiesib 1epesioBa BOJRKCKUX HOMYJIAIUil HA OCHOBE KOTHUTUBHOIO rpada
B3auMozeiicTBus KoIorndeckux dakropos // Becrnuk Camapckoro ynusepcurera. EcrecTBeHHOHA-
yunas cepusi. 2016. Ne 1-2. C. 92-106. URL: https://www.elibrary.ru/item.asp?id=29345221. EDN:
https://www.elibrary.ru/item.asp?id=29345221.

[8] Iepesaproxa A.FO. I'pacdosasi MoJesb B3aNMOJIEHCTBYsI AHTPOIIOIEHHBIX U OMOTHYecKuX (HaKTOPOB B
[POJLYKTUBHOCTH Kacnuiickoro mopsi // Becrauk CaMapcKoro rocyjapcTBeHHOro yHuBepcureTa. EcrecTBeH-
HoHay4Has cepus. 2015. Ne 10 (132). C. 181-198. URL: https://www.elibrary.ru/item.asp?id=25377165.
EDN: https://www.elibrary.ru/vjinwb.

[9] Hoang M. A generalized model for the population dynamics of a two stage species with recruitment and
capture using a nonstandard finite difference scheme // Computational and Applied Mathematics. 2024.
Vol. 43. Article number 54. P. 47-57. DOI: https://doi.org/10.1007 /s40314-023-02539-9.

[10] Feigenbaum M. Universal Behavior in Nonlinear Systems // Los Alamos Science. 1980. Vol. 1, no. 1.
P. 4-27.

[11] Singer D. Stable orbits and bifurcations of the maps on the interval // SIAM Journal of Applied
Mathematics. 1978. Vol. 35, no. 2. P. 260-267. DOI: http://doi.org/10.1137,/0135020.

[12] Sharkovski A.N. Coexistence of cycles of a continuous map of the line into itself // International Journal
of Bifurcation and Chaos in Applied Sciences and Engineering. 1995. Vol. 5, no. 5. P. 1263-1273. DOLI:
http://doi.org/10.1142/50218127495000934.

[13] Kloeden P. On Sharkovsky’s cycle coexistence ordering // Bulletin of the Australian Mathematical
Society. 1979. Vol. 20, issue 2. P. 171-177. DOI: https://doi.org/10.1017/S0004972700010819.

[14] Andreassen H. Population cycles and outbreaks of small rodents: ten essential questions we still need to
solve // Oecologia. 2021. Vol. 195. P. 601-622. DOI: https://doi.org/10.1007/s00442-020-04810-w.



Becmnux Camaperozo ynusepcumema. Ecmecmeennonayunasn cepus  2025. Tom 31, Ne 1. C. 51-63
Vestnik of Samara University. Natural Science Series 2025, vol. 81, no. 1, pp. 51-63 61 us 63

[15] Lee H., York J. Period three implies chaos // The American Mathematical Monthly.
1975. Vol. 82, mno. 10. P. 985-992. Available at: https://yorke.umd.edu/papers/Li-
Yorke%20Period%20Three%20Implies%20Chaos.pdf.

[16] Shorrocks B. Population Fluctuations in the Fruit Fly (Drosophila melanogaster) Maintained
in the Laboratory // Journal of Animal Ecology. 1970. Vol. 39, no. 1. P. 229-253. DOL:
http://doi.org/10.2307/2897.

[17] Brillinger D. The Nicholson blowfly experiments: some history and EDA // Journal of Time Series
Analysis. 2012. Vol. 33, issue 5. P. 718-723. DOL: https://doi.org/10.1111/j.1467-9892.2012.00787 .x.

[18] Abbas S., Niezabitowski M., Grace S. Global existence and stability of Nicholson blowflies model
with harvesting and random effect // Nonlinear Dynamics. 2021. Vol. 103. P. 2109-2123. DOI:
https://doi.org/10.1007/s11071-020-06196-z.

[19] Trofimova 1.V., Manvelova A.B. Adequacy Of Interpretation Of Monitoring Data On Biophysical
Processes In Terms Of The Theory Of Bifurcations And Chaotic Dynamics // Technical Physics Letters.
2022. Vol. 48. P. 305-310. DOI: https://doi.org/10.1134/S1063785022110025.

[20] TIepesaproxa A.FO. TunaMuuecKkasi MOJIeNb TOIMY/ISIIIMORHON nHBa3uu ¢ addexrom menpeccnn [/ Madop-
MmaTuka u apromarnsanus. 2022. T. 21, Ne 3. C. 604-623. DOL: https://doi.org/10.15622/ia.21.3.6.

[21] Hy6posckas B.A., Tpobumosa 11.B. Mojenb quHAMUKE CTPYKTYDPUPOBAHHBIX CyONOIYJIANMI OCETPOBBIX
pui6 Kacius ¢ ygerom orkiionenuii B reMuax passurust Mosiogu // 2Kypuan Besopycckoro rocymapcrsen-
Horo yuusepcutera. Buosorus. 2017. Ne 3. C. 76-86. URL: https://elib.bsu.by/handle/123456789/193312.

[22] Muxaitios B.B., Ilepesapioxa A.1O., Pemerankos F0.C. Mojiesb [MHAMAKE TOIYJISIAN PBIG ¢ pACIeTOM
TEMIIOB pocTa ocobell u creHapues ruapoJsorndeckoi obcranosku // MudopManuoHHo-ynpaB/isionue
cucrembl. 2018. Ne 4. C. 31-38. DOLI: https://doi.org/10.31799,/1684-8853-2018-4-31-38.

[23] Mikhailov V.V., Trofimova I.V. Principles of simulation of invasion stages with allowance
for solar cycles // Technical Physics Letters. 2023. Vol. 49, no. 9. P. 97-105. DOL
https://doi.org/10.1134/S1063785023700049.

[24] Mikhailov V.V.; Spesivtsev A.V., Perevaryukha A.Yu. Evaluation of the Dynamics of Phytomass in the
Tundra Zone Using a Fuzzy-Opportunity Approach // Kotenko I., Badica C., Desnitsky V., El Baz D.,
Ivanovic M. (eds.) Intelligent Distributed Computing XIIT. IDC 2019. Studies in Computational Intelligence.
Vol. 868. Springer, Cham., 2019. P. 449-454. DOI: https://doi.org/10.1007/978-3-030-32258-8 53.

DOI: 10.18287/2541-7525-2025-31-1-51-63

Method of constructing logical-event
computational models of transforming social
information processes

Perevaryukha A. Yu.
Saint Petersburg Federal Research Center of the Russian Academy of Sciences, Saint Petersburg, Russian

Federation; madelf@rambler.ru; ORCID: 0000-0002-1049-0096 (A.Yu.);

Received:  23.02.2025 Abstract. The article develops a method for organizing a logical-event hybrid model
Revised:  26.03.2025 for analyzing socioinformational processes in their stages, event transformations
Accepted:  07.04.2025 and rapid disturbances. Specific situations with a non-stationary lifetime y of a

series of non-overlapping generations are not described by continuous equations of
Scientific article mathematical biophysics. The use of multiparameter functional iterations with the

| ® effect of x,11 = = P(7;x,)8(a; X, ;) + O[], Xpmax = max P(x) # max{(x) leads to
@ a cascade of bifurcations with the coexistence of stable cycles and a set of transition
points {#,4} "chaos<cycle", which goes beyond the essential interpretation of the
trajectory behavior. The proposed method is relevant for modeling cases when y

generations have different lengths of juvenile ontogenesis stages. The models are
important for forecasting invasive processes of insects capable of mass outbreaks of


https://orcid.org/0000-0002-1049-0096

MATHEMATICAL METHODS
IN NATURAL SCIENCES

reproduction, where the factor of generation wintering is in effect. Hybrid structures
of equations are constructed that describe the dynamics of generations on adjacent
uneven segments of ontogenesis depending on changes in mortality factors due to
competition for resources, regulated by the growth rate of organisms. The hybrid
model allows one to obtain pulsating dynamics of numbers, where transitions to the
state of excessively numerous generations of "outbreaks" are interconnected with
the survival of the wintering generation and the level of competitive mortality of the
summer generation. The modeling method is relevant for populations supported by
artificial reproduction and for cases where different social groups exhibit varying
reproductive activity, which is reflected in the development of demographic waves,
the disruption of social structures and the disruption of traditional interactions
during the crisis of social structures.

Key words: hybrid computing structures; population outbreak analysis;
discontinuous trajectories; wave-like sociobiological processes; information society;
relaxation cycles; pulsating trajectory of ecodynamics evolution.

Funding. The research was conducted within the framework of a budget-funded project FFZF-2025-0006 at the
St. Petersburg Federal Research Center of the Russian Academy of Sciences (SPB FRC RAS) (supervised by
A.S. Geyda).

Acknowledgements: The author are grateful to prof. Osipov V.Yu.
Information about the conflict of interests: author and reviewers declared no conflicts of interest.

Citation. Perevaryukha A.Yu. Method of constructing logical-event computational models of transforming
social information processes. Vestnik Samarskogo wuniversiteta. FEstestvennonauchnaya seriya / Vestnik of
Samara University. Natural Science Series, 2025, vol. 31, no. 1, pp. 51-63. DOI: 10.18287/2541-7525-2025-31-
1-51-63. (In Russ.)

(©) Perevaryukha A.Yu., 2025
Andrey Yu. Perevaryukha (madelf@rambler.ru) — Candidate of Technical Sciences, senior research worker of the
Laboratory of Applied Informatics, Saint Petersburg Federal Research Center of the Russian Academy of Sciences,
39, 14-Line of the Vasilyevsky Island, Saint Petersburg, 199178, Russian Federation.

References

[1] Borisova T.Yu. On the Physicochemical Method of Analysis of the Formation of Secondary
Immunodeficiency as a Bioindicator of the State of Ecosystems Using the Example of Seabed
Biota of the Caspian Sea Technical Physics Letters, 2022, vol. 48, issue 7, pp. 251-257. DOLIL:
https://doi.org/10.1134/51063785022090012.

[2] Mikhailov V.V., Trofimova I.V. Computational Modeling of the Nonlinear Metabolism Rate as a Trigger
Mechanism of Extreme Dynamics of Invasion Processes. Technical Physics Letters, 2022, vol. 48, issue 12,
pp- 301-304. DOL: https://doi.org/10.1134/S1063785022110013.

[3] Gauze G.F. The struggle for existence. Baltimore: The Williams Wilkins, 1934, 129 p. Available at:
https://www.gause-inst.ru/sites/default /files/2019-02/ The%20Struggle%20for %20Existence. pdf.

[4] Perevaryukha A.Yu. Modeling the growth rates of alien insect specified differentiated by stages of
ontogenesis. Vestnik Samarskogo universiteta. Estestvennonauchnaya seriya |/ Vestnik of Samara
University. Natural Science Series, 2019, vol. 25, no. 2, pp. 100-109. DOI: https://doi.org/10.18287/2541-
7525-2019-25-2-100-109. EDN: https://elibrary.ru/xfoxot. (In Russ.)

[6] Perevaryukha A.Yu. Scenarios model of the effect of a temporary sharp reduction of population
with a large reproductive parameter. Vestnik Samarskogo universiteta. Estestvennonauchnaya seriya /
Vestnik of Samara University. Natural Science Series|, 2021, vol. 27, no. 2, pp. 80-90. DOI:
https://doi.org/10.18287/2541-7525-2021-27-2-80-90. (In Russ.)

[6] Perevaryukha A.Yu. Simulation of fluctuations of aggressive alien species in continuous models
with independent regulation. Vestnik Samarskogo wuniversiteta. Estestvennonauchnaya seriya /
Vestnik of Samara University. Natural Science Series, 2018, vol. 24, no. 4, pp. 48-58. DOLI:
https://doi.org/10.18287/2541-7525-2018-24-4-48-58. EDN: https://www.elibrary.ru/sqmnkh. (In Russ.)


https://journals.ssau.ru/est

Becmnux Camaperozo ynusepcumema. Ecmecmeennonayunasn cepus  2025. Tom 31, Ne 1. C. 51-63
Vestnik of Samara University. Natural Science Series 2025, vol. 81, no. 1, pp. 51-63 63 us 63

[7] Perevaryukha A.Yu. Nonlinear model of overfishing for the Volga sturgeon based on cognitive
graph of interaction of environmental factors. Vestnik Samarskogo universiteta. Estestvennonauchnaya
seriya | Vestnik of Samara University. Natural Science Series, 2016, no. 1-2, pp. 92-106. Available at:
https://www.elibrary.ru/item.asp?id=29345221. EDN: https://www.elibrary.ru/item.asp?id=29345221.
(In Russ.)

[8] Perevaryukha A.Yu. Graph model of interaction of anthropogenic and biotic factors in the
productivity of the Caspian Sea. Vestnik Samarskogo universiteta. Estestvennonauchnaya seriya /
Vestnik of Samara University. Natural Science Series, 2015, no. 10, pp. 181-198. Available at:
https://www.elibrary.ru/item.asp?id=25377165. EDN: https://www.elibrary.ru/vjinwb. (In Russ.)

[9] Hoang M. A generalized model for the population dynamics of a two stage species with recruitment and
capture using a nonstandard finite difference scheme. Comp. Appl. Math., 2024, vol. 43, Article number 54,
pp. 47-57. DOI: https://doi.org/10.1007 /s40314-023-02539-9.

[10] Feigenbaum M. Universal Behavior in Nonlinear Systems. Los Alamos Science, 1980, vol. 1, no. 1,
pp. 4-27.

[11] Singer D. Stable orbits and bifurcations of the maps on the interval. STAM Journal of Applied Mathematics,
1978, vol. 35, no. 2, pp. 260-267. DOI: http://doi.org,/10.1137/0135020.

[12] Sharkovski A.N. Coexistence of cycles of a continuous map of the line into itself. International Journal
of Bifurcation and Chaos in Applied Sciences and Engineering, 1995, vol. 5, no. 5, pp. 1263-1273. DOI:
http://doi.org/10.1142/50218127495000934.

[13] Kloeden P. On Sharkovsky’s cycle coexistence ordering. Bulletin of the Australian Mathematical Society,
1979, vol. 20, issue 2, pp. 171-177. DOI: https://doi.org/10.1017/S0004972700010819.

[14] Andreassen H. Population cycles and outbreaks of small rodents: ten essential questions we still need to
solve. Oecologia, 2021, vol. 195, pp. 601-622. DOL: https://doi.org/10.1007 /s00442-020-04810-w.

[15] Lee H., York J. Period three implies chaos. The American Mathematical Monthly,
1975, wvol. 82, mno. 10, pp. 985-992. Available at: https://yorke.umd.edu/papers/Li-
Yorke%20Period%20Three%20Implies%20Chaos.pdf.

[16] Shorrocks B. Population Fluctuations in the Fruit Fly (Drosophila melanogaster) Maintained in the
Laboratory. Journal of Animal Ecology, 1970, vol. 39, no. 1, pp. 229-253. DOL: http://doi.org/10.2307/2897.

[17] Brillinger D. The Nicholson blowfly experiments: some history and EDA. Journal of Time Series Analysis,
2012, vol. 33, issue 5, pp. 718-723. DOI: https://doi.org/10.1111/j.1467-9892.2012.00787.x.

[18] Abbas S., Niezabitowski M., Grace S. Global existence and stability of Nicholson blowflies model
with harvesting and random effect. Nonlinear Dynamics, 2021, vol. 103, pp. 2109-2123. DOI:
https://doi.org/10.1007/s11071-020-06196-z.

[19] Trofimova I.V., Manvelova A.B. Adequacy Of Interpretation Of Monitoring Data On Biophysical
Processes In Terms Of The Theory Of Bifurcations And Chaotic Dynamics. Technical Physics Letters,
2022, vol. 48, pp. 305-310. DOI: https://doi.org/10.1134/S1063785022110025.

[20] Perevaryukha A.Yu. Dynamic Model of Population Invasion with Depression Effect. Informatics and
Automation, 2022, vol. 21, no. 3, pp. 604-623. DOI: https://doi.org/10.15622/ia.21.3.6. (In Russ.)

[21] Dubrovskaya V.A., Trofimova I.V. Model of dynamics of structured subpopulations of sturgeon
fish in the Caspian Sea takes into account deviations in the rate of development of immature
fish. Journal of the Belarusian State University. Biology, 2017, no. 3, pp. 76-86. Available at:
https://elib.bsu.by/handle/123456789,/1933127ysclid=m8zysw66cn860236954. (In Russ.)

[22] Mikhailov V.V., Perevaryukha A., Reshetnikov Yu.S. Model of Fish Population Dynamics with Calculation
of Individual Growth Rate and Hydrological Situation Scenarios. Information and control systems, 2018,
no. 4, pp. 31-38. DOI: https://doi.org/10.31799/1684-8853-2018-4-31-38. (In Russ.)

[23] Mikhailov V.V., Trofimova I.V. Principles of simulation of invasion stages with allowance
for solar cycles. Technical Physics Letters, 2023, wvol. 49, no. 9, pp. 97-105. DOLI:
https://doi.org/10.1134/S1063785023700049.

[24] Mikhailov V.V., Spesivtsev A.V., Perevaryukha A.Yu. Evaluation of the Dynamics of Phytomass in
the Tundra Zone Using a Fuzzy-Opportunity Approach. In: Kotenko I., Badica C., Desnitsky V., El
Baz D., Ivanovic M. (eds.) Intelligent Distributed Computing XIII. IDC 2019. Studies in Computational
Intelligence, vol. 868. Springer, Cham., 2019, pp. 449-454. DOI: https://doi.org,/10.1007/978-3-030-32258-
8 53.



MATEMATHYECKUE METOJ/IBI
B ECTECTBEHHBIX HAVKAX

DOI: 10.18287/2541-7525-2025-31-1-64-74 YIK 620.17

AxycTrdeckuii MeToJ1, onpeaesieHns TOJIIINHBI
OTJIOKEHII B TEXHOJIOTHIECKOM 000PY/I0BaHUN

Cycaos A.B.

Camapceruti 2ocydapecmeennoili mernuveckut yrusepcumem, 2. Camapa, Poccutickana Dedepavus;

a.v.suslov@inboz.ru; ORCID: 0009-0004-1076-1257 (A.B.);

Hocmynuna:  14.12.2024
Pacemompena: 18.01.2025
Ipurama: 07.04.2025

Hayunas cmamos

Annoranus. [IposeseHbl nccie0Banmsi aKyCTUIECKOTO METOJIa, U3MEPEHUsT TOJIIIH-
HBI OTJIOXKEHWIT HA BHYTPEHHE CTEHKE TEXHOJIOTHIECKOTO 0DODY/IOBAHNS; IKCIIEPH-
MEHTaJIbHble UCCJIE/IOBAHUA 110 U3YUYEHUIO COBMECTHOI'O BJIMAHUSA TOJIIUHBI CTEHKH,
JuraMeTpa TpyOOIpOBO/a M TOJIIMHBI OTJIOXKEHUN Ha IMapaMeTpbl KOJIeOaHuil CTeHKN
TpyOOIIPOBOIA; M3MEPEHNsT HEM3BECTHBIX TOJIIUH OTJIO2KEHUIT C MCIIOJb30BAHUEM

Ocy1mecTBIiI€HBI UCCJIEOBAHUS 110 H3MEPEHUIO HEPABHOMEPHOI'O PACIIPE/IETICHUS OT-
soxkennii. [logydeHubIe pe3yabTaThl MTO3BOISIOT € XOPOIIEH TOYHOCTHIO U3MEPSTH
TOIIUHY acdabTOCMOIONAPAMUHOBBIX OTIOXKEHHUIT B TEXHOJOTUIECKOM 000PYI0Ba-
HUU.

@ ® MeTO/Ia, OCHOBAHHOT'O Ha aHAaJIn3e IapaMeTPOB KoJIeOaHUil CTEHKH TPYOOIIPOBOIA.

KitioueBbie cioBa: KoJsiebaHusi; TEXHOJOTUIECKOE 000PYI0BAHUE; OTIOKEHUS,
METO/] aKyCTUIECKOI'0 HEPA3PYIIAIONIEro KOHTPOJIS.

BBenenue

OnHOl U3 cepbe3HBbIX MPODJIEM, COTPOBOXKIAIOIIEH Tporiece J00brau HedTH U HEDTEPOILYKTOB,
SIBJISIETCsT 0Opa3oBaHme achaIbTOCMOJIOTapapUHOBBIX OTJIOXKEHUI Ha BHYTPEHHHX CTEHKAX TPY-
OOIPOBOJIOB M TEXHOJIOIMYIECKOro 0bopynoBanus. Hajimame oT/i02KeHnil IPUBOJIUT K YMEHBIITEHUIO
MIPOIIYCKHON CIOCOOHOCTH TPYOOIIPOBO/IOB, UTO, B CBOIO OY€PE/Ib, YBEJUINBAET SHEPrO3aTPAThl HA
nepekadky uHedTu. Kpome sroro, 3akymnopka TpyOOIPOBO/IOB IOBBIINIAET U3HOC OOOPY/IOBAHUS U
MOKET [IPUBOJUTH K BO3HUKHOBEHUIO aBapuiiHbix curyanuii [1]. HeoueBuabiM siBiisieTcs: HeraTuBHbII
3¢ dekT, cBI3aHHbIi ¢ yaeToMm HedTH U HePTEHPOAYKTOB. CyKeHne MPOXOIHOTO CeIeHNs IIPUBOINT K
U3MEHEHUI0 CKOPOCTHU MTOTOKA CPeJIbl, UTO BEJIET K IMOTPEITHOCTH B paboTe pacxooMepoB Ha CTAHITUSX
ydera HedTn 1 HedTenpogyKTOB. Vcce0BaHusM B JJaHHOM HAIPABJIEHAH HOCBSIIEHbl paboThl [2; 3).

Ezxeroiao crpaHbl TpaTAT OIPOMHBIE CPEICTBA, Ha OYUCTKY TPYOOIIPOBOJIOB OT OTJIOXKEHUIT, a B
HAyYIHOHN chepe MPOBOSITCS HOBBIE UCC/IEI0OBAHUS, IIOCBAIIEHHBIE BOIIPOCaM 00pa30BaHus U OOPHLOLI
C OTJIOXKEHUSIMHU. TaK, 0CTAeTCS aKTyaJbHBIM BOIIPOC ITOCTPOEHUS MOJIesIeil 00pa30BaHus OTJIOKEHMUIA,
IIO3BOJIAIONINX HE TOJILKO 06']35{CHI/ITI:> OCazK/IeHUEe OTJIO?KEHUI Ha BHYTPEHHUX CTE€HKaX, HO U IIPEJICKa-
3BIBATh TAKOE OCAaXKJIeHWe BO BpeMeHH. V13 mocseHuX nccie10oBaHnii MOYKHO BbLIEIUTH pabory (4],
TaKKe XOYeTCsi OTMETHUTD UCIOJIb30BaHNe HefipoceTeil /st IPOrHO3UPOBaHUsl OTJIOXKeHHi B pabote [5].
B mmane 60pb0OBI ¢ OTJIOKEHUSIME TTPOIOIKACTCS TOUCK P OEKTUBHOTO PACTBOPUTEJIA M BHYTPEHHETO
MOKPBITHST TPYOOIPOBO/IA, CIIOCOOHOTO MPEIOTBPAIATE 00paszoBaHme acdaabTOCMOJIONapaUHOBBIX
oryoxkenuii [6].

B nacrosiiiee BpeMsi akTyaJIbHOM OCTAETCs 3a/1a1ua U3MEPEeHUsi TOIIIUHBI OTJIOXKEHUH. DTOT BOIIPOC
MOJTHUMAETCS KaK IIPU IIPOIEccaxX TPAHCIIOPTUPOBKU HePTH U HEMTENPOyKTOB, HAIPUMED C IEJIbIO
IUIAHUPOBAHUST OUUCTHBIX MEPOIPUSITHS, TAK U IPU IIPOBEJIEHUN JTADOPATOPHBIX UCCJIEIOBAHMIA.

Ha Texymuii MOMEHT mpeJIOKEHO MHOTO CIIOCOOOB OIpeje/IeHus TOJIIUHBI OTJIOYKEHUI: 110
U3MEPEHUIO TEMIEPATYPHI, SJEKTPUIECKOTO COITPOTUBJICHNUSI, METO/IbI IIPOXOXKICHUS YIBTPA3BYKOBOI
BOJIHBI, ME€TO/IbI ITa/JIeHUA JaBJICHUA, U3MEPECHUI O6’beMa OPpOAYKTa, UCIIOJIb30BaHUdA pa/allul 1
ap. |7]. Ilpenjoxkennbie MeTOIBI 06JIAIAIOT PSIIOM HEIOCTATKOB, OTPAHUIMBAIONINX MX [TOBCEMECT-
HOE IIPUMEHEHUE: B OJHUX CJIyYasx HEOOXOIMMO HAPYIIUTH I€JIOCTHOCTDh TPYyOOIIPOBO/a, B JIPYTHUX
HEOOXOMMBI OCTAHOBKa TPYOOIPOBOJA M €r0 OYUCTKA OT IPOJIyKTa, HEKOTOPhIE CIOCOOBI MMEIOT
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orpaHUYeHNe BBUIY UX HEDE30MACHOCTH JjIsl epconaa. Takum obpa3om, mpocToro n 3¢hGOeKTUBHOTO
MeTO/a, KOTOPBI# OBl MOJIYYMJI PACIIPOCTPAHEHNE HA IPAKTHUKE, HE CYIIECTBYET.

B Hacrosmeil craTtbe ONMMcaHO SKCIEPUMEHTAIBHOE MCCIEI0BaHNe, TOCBSIEHHOE HOBOMY METOILY
U3MEPEHUsT TOJIIIUHBI OTI0KEHUH, OCHOBAHHOMY Ha M3yYeHHH ITapaMeTpoB KoJiebaHuil cTeHKH Tpy6o-
npoBojia. B paborax [8] u [9] ycranoBiieHa B3aMMOCBSI3b MEXK/Ly IIapaMeTpaMu KoJebaHuil CTeHKN
TpyOOIIPOBO/IA M TOJIIMHON OTIOXKEHNI: HAJUYINE OTJIOKEHUN MIPUBOINT K CMEIIEHHUIO Pe30HAHCHOM
YaCTOTBI KOJI€0AHUN, YMEHDBIIICHUIO aMILIUTYIbl, SHEPIUH U JJINTEIbHOCTH Kojiebanuii. Yem GoJibiie
TOJIIIIHA OTI0KEHUI, TeM OOJIbIIe HIET M3MEHEHNEe YKAa3aHHBIX MapaMeTpoB. AHAJOTUYHbBIE Pe3yJIb-
TaTbl C OTJIO2KEHUAMU Ha ITOBEPXHOCTHU TeH.HOO61\/IeHHOI‘O O60py,Z[OBaHI/Iﬂ IIOJIYYIEHBI UCCJIeJOBaTEC/IAMN
B pabore [10].

[IpoBeieHbI HOBBIE SKCIIEPUMEHTAJIBHBIE UCCIEIOBAHNS C IEJIbI0 U3YUCHUs BIMSHUS Ha KOJieOaHUsI
JIOMOJTHUTEIbHBIX (PAKTOPOB, TAKUX KaK JuaMeTp W ToJjmuHa Tpybomposoma. IIposemena ampobarus
npeJiozkeHHoro B [11] MeTosa n3MepeHus TOIIUHBL OTIOKEHUI.

1. KcrnepuMeHTAJIbHbIE MCCJIEJOBAHUSA

DKcIepuMeHTaIbHbIE NCC/IEIOBAHNS ITPOBOIMINCE C IIEJIbI0 U3ydeHusi (paKTOPOB, BJIUAIONINX Ha
aKyCcTHYecKre KojiebaHms CTeHKH TpyborpoBoga. OCHOBHBIE apaMeTPhl, 10 KOTOPHIM IPOBOJIMIACH
[IPOBEPKa, CJIeAYIOIHe: TuaMeTp TPyOOIpoBoIa; TOIIMHA TPYyOOIIPOBOIA; TOJIINHA OTJIOKEHIH Ha
BHYTPEHHEI CTeHKe TPyOOoIpoBoa.

B nportecce ucciieioBanms ¢ MOMOIIBIO 9JIEKTPOMATHUTHOTO BUOpATOpa BO30YKIAJINCH CBOOOIHDBIE
KoJieDaHusI Ha ydacTKax TPyOOoIpoBOmOB 6e3 OTIOKEHHI 1 Ha TeX ¥Ke ydacTKax TPyOOIIpOBOIOB, HO C
orsoxkenusivu 3, 6, 9 u 12 mm (puc. 1.1). st uckiroueHnst ciydailHbIX IIOIPENIHOCTEN B KayKJI0M
ciydae npopoamiaoch He MeHee 100 msmepenmit. Kosiebanns perucTpupoBaJICh U IIOABEPraJIICh
JaabHelreit 06paboTke B paspabOTaAHHOM CIIEMAIbHOM IpOrpaMMHOM obecrieuenun. HaiineHnHbie
napamMeTpbl (d4acroTra, aMILIUTY/a, SHEPrHs, JUINTEJIbHOCTh) B JajbHENIeM ObLIN MOBEPrHY ThI
IBYX(aKTOPHOMY JIHUCIIEPCUOHHOMY aHAJINA3Y.

5\ /6

<7
pZ

Puc. 1.1. Cxema nsmepenus: 1 — Bo3Oyaarens Koebanmii, 2 — NIPUEMHNK, 3 — CTEHKA TPYObI, 4 — OTJIOXKEHUS,
5 — ycuuresb, 6 — reaepaTop, 7 — MEKPOKOHTposIep, 8 — AIIII

Fig. 1.1. Measurement scheme: 1 — oscillation exciter, 2 — receiver, 3 — pipe wall, 4 — deposits, 5 — amplifier,
6 — generator, 7 — microcontroller, 8 — ADC

Ilepsas cepus paBHOTOUHBIX IKCIEPUMEHTOB ITPOBOIMIACH HA TPYOOIPOBOIAX OJHOTO JIMAMETPA,
HO Pa3HOW TOJIUHBI CTEHKU. B ImepBOM MCCIIe0BAHUY UCIIOIL30BaHbl yaacTku Tpyd D159 X 10 mwm,
159 x 8 MM u F159 X 6 Mmm.

Bmopas cepus ocymectBisiiach Ha TPyOOIIPOBOIAX OHON TOJIIUHBI CTEHKHU, HO PA3HBIX IUa-
MeTpoB. Bo BTOpOM 3KCIEpUMEHTE WCIOJIB30BaHbl ydacTku Tpyd &159 X 6 mm, @108 X 6 MM
u 973 X 6 MM.

Tpemva cepus IKCIEPUMEHTOB ObLIa HAIEJIEHA HA AITPOOAIIMIO PEJJIOZKEHHOTO aKyCTHIECKOI'O
MeTofa. B maHHO cepuy TOJIIIUHBI OTJI0XKEeHUiT Oblin HeusBecTHHI. 1lo pe3ynbraTaM oOpaboTKu
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M3MEPUTEbHBIX CUTHAJIOB, MTOJIYIEHHBIX OT TpybompoBoga F159 X 8 MM, cocTaB/ieHbl ypaBHEHN
3aBUCUMOCTH SHEPIUU KOJIEOAaHMI OT TOJIIUHBI OTJI0KEHUN U JJINTEJIbHOCTH KOJIEOaHUN OT TOJIIIIMHEL
orioxkenuii. Jlamee, Ha ydgacTke 3TOro ke TpyOOIPOBOIa HAHECEHBI OT/IOKEHUST HEM3BECTHON TOJIIIIHBI
U IIPOBEJIEHBI U3MEPEHHS [TapaMeTPOB KoJIeDaHnil CTeHKH TPyOOIPOBOIa JJisi TPEX Pa3IMIHBIX CJIOEB.
Ilo ycranoBjeHHBIM B IpPOIECCEe M3MEPEHUS IIapamMeTpaM SHEPTUU U JJIUTEILHOCTH OIpee/eHa
TOJIIAHA OTJIOXKEHUI B KaXKJIOM U3 TPEX CJIydJaeB.

JlorotHUTEIHHO ObLIA IPOBEJICHA YeMBEPMAA CEPUSA IKCIEPUMEHTAIBHBIX UCCaeaoBaHuil. JanHbe
SKCIIEPUMEHTHI HAITPABJAEHBI HA U3MEpPEHUEe TOJIMUHBI OTJIOXKEHUN B CIydae HEPABHOMEPHOT'O HX
pacmpeiesieHnst 1Mo cedeHnio Tpyoornpooga. Ha ydactke Tpybomnposoga 159 X 8 MM HaHeceHbI
OTJIOXKEHUsT coryiacHo puc. 1.2. Pacipemenenune oTiokennii ciaeayromee: ceqenne 1 — 5 MM, cedeHus 2
u 8 —8 mm, ceyenust 3 u 7— 10 mm, ceuenust 4 u 6 — 12 mm, ceuernne 5 — 15 mm. 3adurcupoBaHb
U3MEpeHus B 8 TOYKAX 110 MePUMeTPy TPyOOIpoBOIa.

Puc. 1.2. Cxema usmepenust npu HepaBHOMEPHOM PaCIIpeIeIeHU TOJIIMHBI OTJI0XKeHM i

Fig. 1.2. Measurement scheme for uneven distribution of deposit thickness

2. Pe3yabTtaThbl U 00Cy2KJIeHUS

Pesynbrarel 1ByX(aKTOPHOrO AUCIEPCHOHHOTO aHAIN3a BIUSHUS Ha OTAe/bHBbIE IapaMeTphl KO-
Jebannii B3aMMOCBI3H TAKUX (PAKTOPOB, KAK TOJIIIMHA OTI0KEHUN U TOIIIAHA CTEHKH TPYOOIIPOBOIA,
mpeacTaBjaeHbl B Tabauie 2.1.

Bo Bcex paccMarpuBaeMbIX CIydasx IPOBEPINCH CAELYIONIe MUIoTe3bl: Hy — TomuHa oTIo-
JKEHUWH He BJIMSIeT Ha MCCJeIyeMblil mapamerp; Hi — TOMUHA CTEHKN He BJIMSET Ha UCCJIeyeMbIii
napamerp. ['HIIOTe3bI OTBEPIHYTHI BO BCEX CIIydastX, KpoMe apaMerpa "ammmryaa', T. K. p-3HadeHne
napamerpa "aMmruTyna" st TOJMUHBL oTIoKeHui coctasisier 0.122, aro 6osbme 0.05.

PesysbraTnl 1Byx@daKTOPHOrO AUCIEPCUOHHONO aHAIN3a OIPEIE/JIeHNs 3aBUCUMOCTH BJIMSTHIS
TakuX (GaKTOPOB, KaK TOJIMIHA OTJIOXKEHUN U JTUaMeTp TPyOOIIpOBOIa Ha IMapaMeTpPhl KOJeOaHMd,
oTpakeHbl B Tabjuie 2.2.

Bo Bcex paccMaTpuBaeMbIX CIydasix MPOBEPSLIUCH CJIEIYIOIIHe TUIIOTe3bl: Hy — TOIuHA OTI0XKe-
HUil He BJIMsIET Ha UCCenyeMblil mapaMmerp, Hy — auameTp TpyOOIpOBOIa HE BJIMUSET HA MCCJIeLyeMblil
mapamerp. I'HIoTessr OTBEPrHyTHI BO BCEX CJIydasix, KpoMe Hapamerpa "dacrora, T. K. p-3HadeHHe
napamerpa "gacrora [y TOMMMHBL OTJI0KeHni cocrasiisier 0.182, uro Gosbire 0.05.

Ha puc. 2.1 u 2.2 npencraBiieHbl TUCTOMPAMMBL PE3YJILTATa IPOBEICHHOIO IBYX(MAaKTOPHOIO
aHaJIM3a, JUIT aHAJIN3a B3AMMOCBSI3H IIAPAMETPOB TOJIIWHLI OTJIOXKCHUN OT TOJIIWHLI CTCHKH M
nuaMerpa TpyOoIIpPOBOLa COOTBETCTBEHHO.

KaK BU/JIHO U3 IMOCTPOEHHBIX JHarpaMM, HaI/I6OJ'IleI/II7'I BKJIaJl B U3MEHEHUE JaCTOThI 1 aMH.HI/ITyILbI
KOJIEOAHUH BHOCSAT TOJIIIMHA CTEHKU M JUaMeTp TpyOolpoBoia, a B M3MEHEHUH [apaMeTPOB SHePrun
U JUIATEJIbHOCTH KoJiebaHnii GOJIBIIYI0 POJIb HAYNHAET UTPATh TOJIIUHA OTIOXKEHUIA.
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Tabauma 2.1

Ananns3 mapamMeTrpoB KoJiebaHHNII B 3aBUCUMOCTU OT TOJIHIAHBI OTJIOXKEHUM’
M TOJIIIIUHBbI CTEHKN TPybompoBoaa

Table 2.1

Analysis of vibration parameters depending on the thickness of deposits
and the thickness of the pipeline wall

Wccnenyembie Tonmuna ornoxkenuit /| Tosmumua crerku Tpy6bl / Hacrora Kosiebanuit
mapaMeTpbl
3nauenue F p-3HadeHue F xputnueckoe
Tommuaa 8.206 0.006 3.838
OTJIOZKEHUH
TomuHa creHkn 16241.541 3.675-10° 1 4.459

Tonmuna ornoxennit / Tonmumua cTeHKN

Tpy6bl / AMiummTyna KomebaHuit

3nauenne F

p-3Havenne

F xpurmaeckoe

Tommuaa 2.536 0.122 3.838
OTJIOXKEHU
TosmuHa CTeHKH 19.586 8.272-10~* 4.459

Tommmua ornoxkennii / Tommuua crenkn TpyOsl /| DHeprust KojeOaHuii

3uauenne F

p-3Havenne

F xpurmaeckoe

Tommuna 59.589 5416 -10~° 3.838
OTJIOXKEHU I
TomuHa creHkn 15.088 0.002 4.459

Tommuna orioxenuit / Tonmmua crenku Tpy6sl / JimresnbHoCTb KostebaHmit

3nauenne F

p-3HaveHne

F xputmaeckoe

Tosmmaa 80.452 1.697 - 107° 3.838
OTJIOXKEHU
ToJsmuHa CTeHKH 26.548 2.939-10* 4.459
120,00
99,87
100,00
IS
80,00
=
=
5 60,00
2
£ 40,00
=
(@)
20,00
0,00

Ornoxkenust

ToJmuna, creHKu

Croponnune haxTopbl

BYacrora MAmmauryna MOueprusi M nurenbsHOCTH

Puc. 2.1. JIpyxdaxTopHbIi 1ucepCHOHHBIA aHAIN3 B3ANMOCESA3W MAapaMeTPOB KOJEOaHWH OT TOJIIAHBI
OTJIOYKEHUIT U TOJIIUHBI CTEHKU TPYOOIpoBoIa

Fig. 2.1. Two-way ANOVA of the relationship between the oscillation parameters and the thickness
of the deposits and the thickness of the pipeline wall
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Tabaura 2.2

Ananns3 mapamMeTrpoB KoJiebaHHNII B 3aBUCUMOCTU OT TOJIHIAHBI OTJIOXKEHUM’
U auaMeTrpa TpybompoBoaa

Table 2.2

Analysis of vibration parameters depending on the thickness of deposits

and the diameter of the pipeline

Wccnenyembie Tonmuna orioxkenuit / uamerp Tpyost / Hacrora Kosiebanmii
napamMeTpbl
Bnauenue F p-3HadeHue F xpurmaeckoe
Tommuna 2.038 0.182 3.838
OTJIOZKEHUNI
JluaMeTp CTeHKN 4677.451 5.330 - 10~ 13 4.459

Tosmuna oroxkenuii / Tuamerp Tpy6bl / Ammumry/a Kojebanuii

Sunauenne F

p-3Havenne

F xpurnaeckoe

Tomnmmuna 8.518 0.006 3.838
OTJIO2KEHUN
JnameTp CTEHKH 21.077 0.001 4.459

Tosmuna orioxkennii / Iuamerp TpyObl /| DHeprust KojaebaHuii

3nauenne F

p-3Havenne

F xpurnueckoe

Tommuua  oTioXKe- 14.835 0.901-10*% 3.838
HU
Junamerp creHku 17.445 0.001 4.459

Tosmuua oroxenuii / Iuamerp tpy6et / JimrenbHocTb KostebaHuit

Sunauenne F

p-3Havdenne

F xpurnaeckoe

Tonmmuna
OTJIOYKECHU I

12.120

0.002

3.838

InameTp cTEHKHI

28.172

0.238-10~*

4.459

120,00

99,83

100,00

[0e]
=
=
o

60,00

58,05

40,00

Crenens Bimanus, %

20,00

0,00

19,04

9,50 7,83 709

Puc. 2.2. JIpyxdakTopHbIi 1ucepCHOHHBIA aHAJIN3 B3AUMOCBA3U MapaMeTPOB KOJeOaHUH OT TOJIIUHDBI

OrnoxKenust

Huamerp

Croponnne hakTOpbI

BmYacrora MAmmmTyna MOueprus M IHMTEIHLHOCTD

OTJIOYKEHUIT U JuaMeTpa CTEHKH TPyOOnpoBoma

Fig. 2.2. Two-way ANOVA of the relationship between the oscillation parameters and the thickness
of the deposits and the diameter of the pipeline wall
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Bausinue ToIUHBI CTEHKU U jMaMeTpa TPyOOIPOBO/ia Ha YACTOTY U aMILIUTYILY KoJieDaHwmit
O00bSICHSIETCS TE€M, UTO HAPSIJIy C YIPYTUMHU CBOHCTBAMU MaTepHaja 3TO OCHOBHBIE XapPAaKTEPUCTUKH,
BXOJsIe B cucreMy auddepeHImaabHbIX ypaBHEeHN KOJe0aHuil 3aMKHYTON IHJINHIPUIECKON
obosouku [12; 13]:

19%x *w
AN @Y

En”"X T Ro2 T
rjie 0 — IUIOTHOCTD; K — Tosmuna; R — paguyc; w — nepemertenune; E — Moayns yupyrocru; X — GyHK-
sl HAIpsDKeHuit; D — MuanHIpudecKast XKEeCTKOCTD:

3
N -
12(1 — p?)

rie Y — koaddunnent [lyaccona.

HOSTOMy U3MEHEHUE JIaHHbIX IMapaMeTPOB IIPUBOJIUT K HU3MEHEHUIO YaCTOTbl U aMIIJIUTY/IbL
KoJIe0aHUI.

VMeHbIlleHne SHEPIUN CUCTEMBI U IJINTEILHOCTH KOJIEOaHU MOXKHO OOBSICHUTE HeMIPUpPOBa-
HIEeM KoJiebaHMii, KOTOpoe BHOCUT B KOJie0aTeIbHYI0 CUCTEMY CJION oTjIoxKeHuit. HeM GoJIbIle Cioii
OTJIOXKEHUI, TeM OOJIbIle AeMII(pUPOBaHIe CBOOOIHBIX KOJIEOAHMIA.

Takum ob6pasom, 110 pesyabraTaM paboThl [9] U TEKyIIero uccie0BaHus B KAIeCTBE OCHOBHBIX
nHMOPMATHBHBIX TAPAMETPOB BBHIOPAHBI SHEPTUs U JJIATEILHOCTD KOJIeOaHMi.

CocrapjieHHbIE IpaUKU 3aBUCUMOCTH SHEPIUU U JINTEJIBHOCTH KOJIEOAHUI 110 pe3ysIbTaTaM
uccjaenoBaHuil Ha yaacTke TpyborpoBosa F159 X 8 mMm npejcraBienst Ha puc. 2.3 u 2.4.
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140,00 T

1 cepusa
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100,00

80,00

Dueprust, JIx

60,00

3 cepus

40,00
4 cepust 5 cepust

20,00 T

0,00 T T T T

Tommuua oT/IoXKeHUiT, MM

Puc. 2.3. I'pacdux 3aBucumocT sHepruu KojeGaHuii OT TOIIIUHBI OTJIOKEHUI

Fig. 2.3. Graph of the dependence of the vibration energy on the thickness of the deposits

VYcraHOBIEHHBIE 3aBUCUMOCTH SHEPIUHU U JJIUTEIBHOCTA KOJIEOAHUI OT TOJIIMIUHBI OTJIOKEHUH B
JaJbHERIeM HCIIOJIb30BAJIUCH JIJIS OITPeJieIeHUs HEM3BECTHOM TOJIIIUHBI OTJI0XKEeHUH. Pe3yibrarst
U3MepeHuil oKa3aHbl B Tabsuie 2.3.

CrouT OTMETUTH, YTO COBMECTHOE HCIIOJIHL30BAHUE IIAPAMETPOB, 8 MMEHHO HAXOXKICHUE TOJIIUHDI
OTJIOXKEHU KaK CpejHee 3HAUEHNe MO0 0OOMM IapaMeTrpaM SHEPrhu W JJINTEIbHOCTH KOJeOaHUI,
HO3BOJIJIO CHU3HUTH IIOIPENIHOCTL u3Mepenuii. MakcuMmaabHoe 3HadeHue cocTapmiio 2 %.

PesyapraTsl namepenus npu HEPABHOMEPHOM PACIIPEIEIEHAN TOIIINHBI OT/IOXKEHUHN TPeICTaBIeHbI
B Tabsuie 2.4.

Kaxk Bumgmo n3 tabsuinl 2.4, B peaJM3yeMOM aKyCTUIeCKOM MEeTOe M3MEpPEHHUs! OlpeieIeHIe TOJI-
IIIAHBI OTJIOYKEHUN OCYIIECTBJISIETCS HE TI0 KOHKPETHOMY CEYEHUIO B MECTe PACIIOJIOKEHUS JaTInKa, a
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Puc. 2.4. I'paduk 3aBuCHMOCTH JIUTEIHLHOCTH KOJIEOAHMI OT TOJIITUHBI OTJIOKEHUI

Fig. 2.4. Graph of the dependence of the duration of oscillations on the thickness of deposits

Tabauma 2.3
Pe3ymbraThl U3MepeHUil TOJANUHBI OTJIOXKEHUN
Table 2.3
Results of deposit thickness measurements
[TapameTpsl N3mepennnrit Pacuernoe Peannnoe OrHOCuTe/IbHAS
mapamMerp 3HAYTEHUE 3HAUEHNE HOIPENTHOCTD, %
TOJIIIIUHBI, MM | TOJIIIUHBI, MM
1-s1 cepust 9KCIIEPUMEHTOB
Dueprusi 45.91 JIx 5.37
JnmrebHOCTD 67.99 mc 4.82 5.00 2.00
O600611eHH b 5.10
napaMerp
2-s1 cepusi SKCIEPUMEHTOB
DHeprus 34.74 JTx 7.23
JmmTe IbHOCTD 50.77 mc 8.73 8.00 0.25
O60011eHH b 7.98
napaMerp
3-51 cepusl SKCIIEPUMEHTOB
DHeprust 17.55 JIx 11.87
JmiTebHOCTD 44.34 mc 10.20 11.00 0.36
O6001IeHHbIIT 11.04
rnapamMerp

[0 CPEIHEMY 3HAYEHUIO TOJIIIMHBI OTJI0KEHUH. DTO MOKHO OObSICHUTH CJIEAYIONIM (haKTOM: Kojeba-
HUSI CUCTEMBI TPOTIOPIIMOHAJBHBI HE TOJIIUHE BXOJIANINX B CUCTEMY KOMIIOHEHTOB, & PACIIPE/IeJIEHUIO
MACCHI II0 TOJIIAHE WJIM MACCOBOI IIJIOTHOCTH:

mo = ph.

Cpennee 3sHAYEHNE PACIPEIEICHHON MACChl IOKA3aHO Ha puC. 2.5.

Pa.CLIeT COBOKyHHOCTI/I OTZICJIbHBIX JaTYUKOB ITOKa3aJl, YTO OIITUMAJIbHBIM ABJIACTCA MCIIOJIb-
30BaHUe JByX JIATYMKOB: OJHOTO, PACIOJIOKEHHOIO M0 BepxHeill obpasyrorieil TpyObl (Ha camMom
"ronkoM" cJI0€), M BTOpPOro, pa3MelleHHOro Ha HizkHeil obpasyroreit Tpy6s! (Ha camom "Toscrom”
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Tabauma 2.4
PesynbraTbl n3mMepeHusi HEpABHOMEPHO PACHPe/IeJIEHHBIX OTJIOXKEHUU
Table 2.4
Results of measurement of unevenly distributed deposits

Howmep TToxazaresnn [Toxazarennb M3mepennoe
natauka | sHeprun, /XK | mIATeIbHOCTH, MC 3HAYCHUE
TOJIIIIUHBI, MM
1 11.16 7.93 9.60
2 12.03 10.21 11.10
3 13.02 10.12 11.60
4 13.14 11.96 12.60
5 12.29 9.87 11.10
6 12.20 11.80 12.00
7 10.92 7.66 9.30
8 11.02 10.3 10.70

Puc. 2.5. Onpenenenne "cpeanero" snadenust pacrpejienennst OTJIOKEHHI 110 CeIeHnIo Tpy6onpoBoia

Fig. 2.5. Determination of the "average" value of the distribution of deposits across the pipeline cross-section

cioe). Crenuduka 06pazoBaHmsi OTIOXKEHUH TAKOBa, YTO MO HUXKHEH obpasytoiieii TpyObl Oyer
06pas3oBbIBaTHCsT TOJICTHI cioit. [Tpu ucnosnb3oBannu Takoil (cevenust 1 u 5 va puc. 1.2) naps
JIATYMKOB TIOTPEINHOCTh u3Mepenust cocrasuia 3,1 %.

3akJ/IroueHue

AHaJn3 IpespIIy X U IIPOBEIEHHBIX HOBBIX 9KCIIEPUMEHTAJIBHBIX UCC/IEIOBAHUI OITpEeIesINIT HAl-
boJtee 3HAYNMbBIE TApAMETPBI KOJIe0aHil CTeHKN TPyOOIPOBOIA, 3aBUCSIIIE OT TOJIIUHBI OTI0KEHHIA.
Takumu mapameTpaMu BBICTYIIAIOT SHEPTHUS U JJIUTEILHOCTD KOJIeOaHuTi.
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N3amepenne HEM3BECTHOM TOJIIMHBI OTIOXKEHUH MOKA3aI0 PaboTOCIIOCOOHOCTE TPEIIOYKEHHOTO
METO/a OIpeJe/IeHNs] TOJIIUHBI OTJIOKEHUI Ha IpaKTHUKE C JTOCTUTHYTOH XOpOoIleil TOYHOCTHIO
U3MEPEHUN.

Nszmepennst Ha ydacTKe TPyOOIIPOBO/IA ¢ HEPABHOMEDPHBIM PACIIPEIEIEHNEM OTJIOXKEHUN BBISTBIIN
3aBUCUMOCTD KOJIeOaHUI OT CpeaHero 3HaYeHns TOJIIIMHBL OTJI0XKEHMI, 9TO IO3BOJISIET UCIIOIb30BaTh
JIJIsI U3MEPEHUH ¢ JIOCTATOYHOHN CTENeHbI0 TOYHOCTH JBa JATINKA — OJHOI'O, PACIIOJIOKEHHOI'O Ha
BepxHeil obpasyrolieil TpyObl, 1 BTOPOro, Pa3MelleHHOro Ha HUKHel obpa3yiomeil TpyObl.

Nudopmaiiysi 0 KOHDINKTE MHTEPECOB: aBTOP U PEIEH3EHTHI 3asIBJIAIOT 00 OTCYTCTBUM KOH(DIUKTA
WHTEPECOB.
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free regime of SPD. Using the simulation results we present a simple algorithm
Scientific article for the fast primary-vertex finding and estimate the efficiency and purity of the

@ ® reconstruction.
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Introduction

At the present time, the spin structure of the nucleon is one of the challenging topics of high-
energy physics. Nowadays, a new accelerator complex, the NICA (Nuclotron based Ion Collider
fAcility) collider, is being built at the Joint Institute for Nuclear Research (Dubna, Russia). The Spin
Physics Detector (SPD) is proposed to be placed in one of the two interaction points of the NICA
to study the nucleon spin structure and other spin-related phenomena with polarized proton and
deuteron beams [1]. The SPD physics program is described in detail in [2-4] and mainly aimed to
extract information on the gluon Transverse-Momentum-Dependent Parton Distribution Functions
(TMD PDFs) in the proton and deuteron, as well as the gluon transversity distribution and tensor
PDFs in the deuteron, via the measurement of specific single- and double-spin asymmetries using
such complementary probes as charmonia, open charm, and prompt photon production processes.
These phenomena are planned to study at the center-of-mass collision energy /s up to 27 GeV and
a total luminosity up to 102 cm~2 s~1. Since the /s exceeds the typical hard scale of the studied
processes moderately, the 471 geometry resolution of the SPD is planned, together with triggerless
data acquisition system (DAQ), purposed to minimize systematic uncertainties of the measurements.
For the effective data recognition under specified conditions, the related software should provide fast
data processing, event selection, and primary vertex reconstruction at the online data filtering stage.
Particularly, for the rational use of memory and high-performance the simplest procedure of track
fitting and further primary vertex recovery is anticipated [5-7].

1. Straw tracker simulation

The straw tracker (ST) is the inner part of the SPD detector aimed at reconstructing tracks of
primary and secondary particles with high efficiency for the precise measurements of their momenta
and to identify particles via their energy deposition. Its construction includes the barrel part and
two end-caps [1], constituted of two different kinds of the low-mass straw tubes, similar to those
used in such modern experiments as NA64 [8], COMPASS [9; 10] and others [1]. The most of the
produced particles will be registered in the barrel part consisting of the 8 azimuthal modules, each
containing the 31 double layers of straw tubes, which schematic view is presented at the Fig. 1 [1].


https://journals.ssau.ru/est
https://orcid.org/0009-0009-1168-8529
https://orcid.org/0000-0003-3965-3757
https://ssau.ru/
https://www.jinr.ru/

Morozova S.D., Shipilova A.V. Response simulation and primary vertex reconstruction...
Mopososa C.JI., Hlununosa A.B. Modesuposarue omxrAuKa 4 80CCMAHOBAEHUE NEPEUUHDIL GEPUWIUH...  T6 u3 85

The geometrical ST model used in this study was developed by A. Allakhverdieva using the
GeoModel toolkit [11; 12], which is a class library for the description of detector geometry. The
designed ST geometry is stored in the local GeoModel SQLite file (.db) being the input of the Geant4
package [13-15], generating the detector model automatically. Such an approach for the detector
simulation provides the flexibility of the model, simplifying the purely construction changes. To
describe the ST geometry, we use a global coordinate system, where the z-axis is oriented along
the nominal beam direction, the y-axis is vertical, and the x-axis is perpendicular to them and is
directed toward the center of the collider ring. The origin of the coordinate system is the nominal
center of the setup being the ideal interaction point. The ST model of the present study is specified
by the setup with inner and outer radii of 270 and 867 mm, respectively, consisting of 8 octants
filled with layers of cylindrical tubes, to be shown in the XOY plane in the Fig. 2. The base of the
detector, the ST tubes, are constructed from a thick polyethylene shell and an inner cylindrical
volume of radius R = 4.78 mm filled by the gas mixture of Ar(70%) + CO,(30%). The internal
volume of each tube is represented by the GEANT4 sensitive detector object ConstructSDandField
and the HitsCollection array, which elements (Hits) are recorded every time a particle looses energy
in the sensitive volume, and contain information about the particle type, energy loss, coordinates,
track data, and the unique number of the tube where the hit is arised.

Carbon fiber
frame

31 double
layers of straw

Carbon

Fig. 1. Schematic representation of the Straw Tracker (ST) [1]

Puc. 1. Cxemarutunoe npencrasienue crpoy-rpekepa (ST) [1]

2. Experiment simulation

We consider the p-p mode of the experiment where the proton beams collide at the energy
of v/s =27 GeV in the center-of-mass system. We suppose the proton bunch crossing every 76 ns,
while the temporal interval of the data storing (timeslice), defined by the DAQ system, to be
10 ps. The heavy charged primary particles are simulated by positive muons with a given energy
of E =1 GeV and momentum p, which direction has a uniform spatial distribution, using the
G4PrimaryVertex object of the Geant4. The such choice of primary particles has been made due to
their small cross section of interaction with ST material resulting the small number of secondary
tracks while the major energy loss of a muon is due to a gas ionization, which is favourable to initiate
the electron avalanche into a straw drift chamber.

The probability of a hard interaction between two protons in a given beam crossing is simulated
k

A
by the Poisson distribution f(k) = FE_A with the expected value A = 0.3. We impose the
coordinates of the interaction point and the corresponding primary vertex to be the same and equal
to (0,0, z), where z is normally distributed around the central value zg = 0 by a Gaussian distribution

flz) = wlz?

interaction is determined by a Poisson distribution with the expected value A = 7. The propagation
of a charged particle through a gas leads to energy loss due to ionization. The snapshot of the

2720

2
e_%(T) with ¢ = 30 cm. The number of muons produced in the one pp hard
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Fig. 2. The ST model used in this work in XOY plane

Puc. 2. Mogenn crpoy-rpekepa, uciosib3dyemMasl B IIpejcraBiennoit pabore, B miockoctu XOY

particle state at the moment of energy loss within the sensitive volume was recorded as a hit. The
visualization of launch of one event into the ST is shown in Fig. 3, where the hits and tracks are
illustrated by green dots and blue lines, respectively.

|

‘\:l_.., 1 /)

Fig. 3. Visualization of launch of one event into the ST: XOY plane (left), ZOY plane (right). Hits and
tracks are illustrated by green dots and blue lines, respectively (see the color online on the wersite)

Puc. 3. Busyanuzanus 3amycka omHoro cobbitusi B crpoy-rpekepe: B miockocru XOY (cieBa), B IIOCKOCTH
ZOY (cupasa). 3esieHble TOUKH — TOYKHU [OTEPU SHEPIUU B UyBCTBUTEIHHOM OObEME, FOJIyOble JIMHUA —
Tpeku (IBET CM. B OHJIAH-BApHaHTe Ha caiire)

We collected the hits into hit arrays applying the following selection criteria: only the energy loss
of primary particles were considered with the threshold for the total energy loss of E;; > 100 MeV,
and all the secondary particles are neglected. The set of coordinates of each muon energy loss points
were used to determine the shortest distance to the tube axis, anode wire, to calculate the response
time of the straw tube. This time depends on the electron avalanche drift time from the ionization
point to the anode wire ¢(r), where 7 is the shortest distance from the track to the anode. Using
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the complete hit collection array for a given muon we can reconstruct its track and apply this
procedure for all the muons in the simulation. If there are several points of muon energy loss in one
logical volume, we approximate the muon track by a straight line connecting the first and the last hits,
then r is calculated as the shortest distance between this line and tube axis. The hit reconstruction
step was omitted for the transparency of the simulation results, that means the 3D coordinates of
particle hits are assumed to be known. The distance from the hit to the anode wire is calculated using
the local coordinates, relatively to the axis of a particular tube, and the tracks are approximated
in global coordinates, relative to the entire detector. Since each particle is tracked individually in
GEANT4, it is not suitable to simulate interactions for a large number of particles, as the electron
avalanche is. Thus, we used the f(r) dependence [1] simulated using the GARFIELD software [16; 17]),
for which we found the analytical approximation: t(r) = 2.7101 + 1.2156r + 6.8287r2. We present the
resulting temporal distribution averaged by 100 time slices in the Fig. 4, where grey area corresponds
to the times of the sensitive volume intersections by the sample particle, and colored area is straw
tubes response time distribution. Here and after all the histograms were generated using the CERN
ROOT [18] tools. We obtain the significant overlap between the straw tubes response times from the
different bunch crossings appearing in the same time slice. This fact indicates the problem of signal
decoding for track and primary vertex reconstruction during data collection in a real experiment.

\ Timing distribution | — Start Timezoagas
ntries

Mean 441.9

Std Dev 290.6

20000
18000
16000
14000
12000
10000
8000
6000
4000
2000

%

Number of muons

1000 1200
Time of Hits, ns

Fig. 4. Temporal distribution averaged by 100 time slices, grey area — times of the sensitive volume
intersections by the sample particle, colored area — straw tubes response time distribution

Puc. 4. Bpemennoe pacnipenenenue, yecpenaernoe o 100 BpemennniM cpesam. Cepast 06/1aCcTh — Bpems
Iepecevennsi 4yBCTBUTEILHOTO 00beMa JaCTHIleH U3 BHIOOPKH, IIBETHAs 00JIACTb — PaCIIPeie/IeHne BpeMeH
OTKJINKa CTPOY-TPyOOK

3. Primary vertex reconstruction

To reconstruct primary vertices assigned with bunch crossings points, we develop an algorithm
based on the simplest approximation of particle tracks, making it suitable in the online evaluations
for the triggerless regime of ST. For the pure examination of the algorithm, we omit the step of
hit reconstruction, and reconstruct the tracks using the direct coordinates of the hits collected in
Sec. 1. In our simulation we suppose a magnetic field oriented along z-axis to be equal to B=1T
and uniform everywhere inside the ST, providing a spiral trajectory of a charged particle. We
approximate the muon motion in the XOY plane by the parabola and a straight line in the ZOX or
YOZ planes, see Fig. 3. The set of hits {x;,y;}n in the XOY plane for the each track numbered N
is approximated by the parabolic function 7 = aleJEZ + a1, N + agn = f(X) where the coefficients
a; y are determined using the least-squares method. Since the system has a rotational symmetry in
the XOY plane, but the coordinate system is fixed, we should choose the desired approximation
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function to be Y(X) or X(Y) for the each track. It is done by the following procedure: if any of the
sets {x;}n, {yi}n is not ordered by ascending or descending, its elements correspond to function
values (%) while the elements of another to argument values X. In the case whether both sets are
ordered, the adjusted R square values are calculated using the following formulas:

— R (k — ‘
. kfrz(fl : B k ' o

Rigj=1-

Then we compare values of Rixdj for {x;,y;}n corresponding to choices (%,7) and (7, %) to adopt
one providing the higher Ridj'

The coefficients a; for each primary particle determine the arc length of the parabolic segment
Ly which is calculated using a simple formula

Ly(%in) = /OXW 14 (f/(%))2dx = o
- 45!121\] <ln (FEN))+ 1+ F(F) |+ F @)V (F(Fn)) + 1) .

Then we can use it to obtain the dependence z(L)y = by NLy + bon, where z(L)y can be
approximated by a linear function, which must be extrapolated to intersect with the Z-axis in order
to determine the position of the primary vertex. The simulated tracks and hits in the ZOY plane
from the primary particles in one time slice are shown in Fig. 3.

The coordinates of the hit are approximated assuming that the particle is produced at the point
{0,0,Zy}. The approximated tracks are passed then through the two selection criteria. The first
one is based on the polar angle 6 of the track, which is determined as the angle between the line
connecting the start point of the track with the first hit and the Z axis.

Analysing the distribution of the vertex reconstruction error by polar angle, we can conclude
that particle tracks close to Z-axis do not intersect a sufficient number of detector layers, resulting a
decrease in the reconstruction accuracy, since the extrapolation error multiplies the approximation
error. Therefore, we decided to exclude all tracks with polar angle 8 < 0.5 and 8 > 7T — 0.5, and this
reduces the number of tracks to 80 % from the initial one. In the Fig. 5 we present the distance
distribution between the reconstructed vertex and the true vertex depending on the polar angle.

The second track selection criterion is derived by the RSS (regression residuals squares) parameter
value stated by the formula:

n

RSS; =Y (zin — (bon + bi,NLn(Zin)))? (3)
i=1

Tracks with an RSS below the value of 1.0 are discarded. This critical value was chosen as
corresponding to the optimal ratio of discarded to actually poorly reconstructed tracks, leading to
the 56% of the remaining from the initial number of tracks.

The obtained distortion of the distribution relative to 8 = 7, see Fig. 5, is due to the asymmetry
of the trajectories of positive muons propagating in and against the direction of the magnetic
induction lines. Assuming the Zg — Z,,,0; data are normally distributed within a certain range of 6
values, we defined the parameters of Gaussian distribution corresponding to the each 6 interval:

f(zo0) = — L)
0,0) = e 7 .
c(0)V2m
The obtained parameters u(0) and ¢(6) will be used for further track processing. The obtained
dependence of the standard deviation and the mean value on the polar angle is shown in Fig. 6.
Using the mean value, the reconstructed Zps were corrected. The o (6) is the corresponding
reconstruction error of a particular vertex, which was used for vertex clustering and for

(4)
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Fig. 5. Distance distribution between the reconstructed vertex and the true vertex versus the polar angle 6
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Fig. 6. Dependence of the standard deviation (¢) and the mean value (i) on the polar angle

Puc. 6. 3aBucumocts cTaHIapTHOrO OTKJIOHEHUs (0) U CpejiHero 3HadeHus (}) or mnossipHoro yria (6)

correcting the reconstructed vertices. The adjusted distance distribution between the reconstructed
vertex and the true vertex are shown in Fig. 7.

The next step is to group the tracks into clusters with common vertices expected as primary
vertices. The set of initial coordinate values Zy was sorted in ascending order. The reconstructed Zg
values were taken into account with a corresponding error interval {Z =+ 0y }. In case error intervals
overlap, all Zgs in a given region are considered as one cluster treated as reconstructed primary vertex

with the coordinate Zgc = z Zle Zy . After all the clusters has been found by this procedure we

compare their coordinates with true primary vertices. In case of two or more vertices are present
within a single cluster they are combined into one primary vertex only if the distance between them
does not exceed 30y, where 0p = 1 mm. If several vertices within a cluster are at a greater distance,
they are all considered to be reconstructed incorrectly. A correctly reconstructed vertex is one that
can be distinguished in the cluster, and all assigned tracks actually belong to it. To determine
this, we used the ID of the track (TrackID), which is matched between the reconstructed and true

vertex in this algorithm. Among all the incorrectly reconstructed vertices Ny, the fraction related
Nwr.vert

to indistinguishability = 96 %. The vertex reconstruction efficiency was calculated as the

wr
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Fig. 7. Adjusted distribution of the distance between the reconstructed vertex and the true vertex versus
polar angle 6

Puc. 7. CkoppexTupoBanHOe pacrpeiesenne PacCTOSHAS MEXKTy PEKOHCTPYUPOBAHHON BEPITUHOM
¥ MCTHHHO BEPIIUHON B 3aBUCUMOCTH OT IOJIIPHOTO yTiIa, 6

ratio of the number of correctly reconstructed true vertices to the total number of true vertices in

N
the dataset. The efficiency obtained by this method is I\;eco =971 %.
all

As a result, if the initial vertices are far enough apart each other, they are easily distinguishable
and can be correctly reconstructed. However, if the primary vertices are closely located, the error
regions in the reconstructed Zgy can overlap, reducing the efficiency of the reconstruction process.

In the Fig. 8, left, we present the dependence of primary vertex reconstruction efficiency which is
defined as the ratio of all the reconstructed vertices to the all initial true vertices in the simulation,
against the critical value of the RSS, parameter. While on the right panel we demonstrate the
percentage of the vertices lost by use the RSS;-related criterion. One can find the maximal efficiency
is achieved at the RSS, = 1 being equal to 77.1 %.

Efficiency, % Loss of information, %
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{ . 25

;g ¢ ® 20 - ‘ ]
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051.01.52.02.53.03.5 -2
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Fig. 8. Efficiency dependence (left) and vertices information loss (right) on RSS; of z(I) approximation

Puc. 8. BaBucumocts 3¢ dbeKTHBHOCTH PEKOHCTPYKIMK BEPIIUH (CJIeBa) U HOTepH HHMOPMAIMA O BEPIIHHAX
(cipaBa) oT noporosoro 3Hadenust RSS, anmpokcumanuu z(1)
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Conclusions

We present the algorithm for the primary vertex reconstruction in the SPD NICA straw tracker
which gives an opportunity to resolve a complicated temporal structure of the ST response within
the timeslice. Due to the simplicity of the algorithm it is fast and can be used for the online data
processing in the triggerless regime of the detector operation. We found the optimal parameters
providing the maximal efficiency with minimal information loss, and a good quality of the vertex
reconstruction on the conditionally-reduced sample of the true vertices.

The further study implies the verification of the algorithm performance using the hit data with
less purity and using more complicated functions for track approximations.
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Hayunasa cmamoa

() @

Annortanus. Haitjena Tounast quHaAMUKa MOJIEJIH, COCTOSINEN U3 JBYX UIEHTHUIHBIX
KyOUTOB, HEPE3OHAHCHO B3aMMOEHCTBYIONINX C MO0 SJIEKTPOMATHUTHOTO OIS
1JIeaJIbHOIO0 PE30HATOPA IIOCPEICTBOM ONHOMOTOHHBIX II€PEXO/IOB, IIPU HAJIUYUNAU
[IPSIMOTO M3MHI'OBCKOT'O B3amMojieiicTBusi KyouTos. TodHOE pellieHne nCroIb30BaH0
JJIsE pacdeTa JBYXKYyOUTHON OTPUIIATEILHOCTH KyOUTOB B CJIydYae KOT€PEHTHOI'O Ha-
JAJIbHOI'O COCTOSHUSI KyOUTOB M TEIJIOBOIO COCTOsIHUSA 101 pe3oHaropa. Ilokazano,
9TO B CJIydae Pe30HAHCHOIO B3aMMOJENCTBUS KyOUTOB C IOJIEM HadajbHasi aTOMHAs

KOIepPEHTHOCTb IPUBOJUT K 3HAYUTEJILBHOMY yBEJIUYEHUIO MAKCUMAJIbHOI CTelleHn
MePeyThIBAHUS. BKITIOUEHNEe TPSMOT0 M3MHIOBCKOTO B3aUMOJEHCTBUS KyOUTOB MO-
JKEeT CYIIECTBEHHO yCUJINBATH MEPEIyThIBaHNe KyOUTOB KaK B CJIyuae KOIePEeHTHBIX,
TaK ¥ HEKOTE€PEHTHBIX HAYAJIBHBIX COCTOsIHMI KyOUTOB. B ciiydyae HEpe30HAHCHOTO
B3aMMOJENCTBHS KyOUTOB U IOJIT PE30OHATOPA PACCTPOIKa IMPUBOAUT K OCJIA0IEHUIO
BJIUSTHUS ATOMHON KOT'€PEHTHOCTH Ha JUHAMUKY [EPEIyThIBAHUSA KyOUTOB.

KitoueBbie cjioBa: KyOWTBI; KOTEPEHTHOE COCTOsIHIE KyOUTOB; PE30HATOD;
TENJIOBOE TI0JIe; PACCTPOIKA; IePEyThIBAHNE; OTPUIATETbHOCTD; N3NHIOBCKOE
B3anMO/IeiCTBUE.

BBenenue

[TeperyTannuble COCTOSTHUS UTPAIOT IEHTPAIBHYIO POJIb BO MHOTHX IIPOIECCaX KBAHTOBOI 0OpadboT-
ku uHpopmaiu [1-3|. fBieHne nepemyThIBaHUsI COCTABHBIX YACTeNl CJI0KHON CHCTEMbI HEPA3PBIBHO
CBA3aHO C IIPUHITUIIOM CyHepHOSI/ILH/II/I KBAHTOBOI MEXaHUKU. OquHILHO, 9TO KBaHTOBasd KOI'€PEHT-
HOCTh @TOMHBIX CHCTEM, TaKKe HEIOCPEJICTBEHHO BBITEKAIOIIAasl U3 IPUHIUIIA KBAHTOBOM CyIIepIO-
33U, TECHO CBA3aHa C ABJICHUEM HepeHyTbIBaHI/IH. 9TO IIO3BOJILAET C/iejiaTh BbIBO/I, YTO aTOMHAasA
KOT€PEHTHOCTBIO MOYKET OBITh MCIIOJIb30BaHa, JIjIsd YCUJIEHHUSI TePeIyThIBAHUsT AaTOMHBIX CUCTeM. Pa-
060Ta COBpEMEHHBIX YCTPOMCTB KBAHTOBON 00pabOoTKM MHMOPMAaIMU OCHOBaHA HA WCIOJb30BAHUN
[eperyTAHHBIX COCTOSIHUY €CTECTBEHHBIX WJIM MCKYCCTBEHHBIX aTOMOB (KyouToB). s co3nanus u
yIpaBJIEHUS MEPEIyTAHHLIMU COCTOSIHUSIMU KyOUTOB OOBIYHO UCIOJIL3YIOT SJIEKTPOMAIHUTHBIE ITOJISI
pe3onaTopoB. IIpu TeopeTmyecKoM ONMMCAHUE CUCTEM KYOHTOB, B3AMMOIEHCBYIONINX C BbIIEJIEHHBIMU
MOJIAMH PE30HATOPOB, OOBITHO MCIOIL3YIOT Mojeab JIxkeiiHca — KamMMuHrca u ee pacimupenus: u
o606mmenust [4-6]. Ilpu peanusanuu peanbHbIX ClleHApUEB KBAHTOBOI 06paboTku nHdoOpManum Bo3-
HUKaeT KBAHTOBasl JEKOI'E€pPEHIHsl, KOTOpasl SIBJSETCH CJIEACTBAEM HEeN30e:KHOIO B3auMOIeHCTBUA
Me)K,ZLy KBAHTOBOI CUCTEMOII 1 BHEIITHUM H_IylVIOI\/I. Ha.J'H/ILH/Ie BHEIITHENR Cpe/IbI IIpU OIMMCaHMUU 3BOJIIOINN
crucTeM KyOHTOB B PE30HATOPAX BO MHOI'MX CJIydasx MOYXKHO CMOIEINPOBATH C IIOMOIIBIO HAJIUYIN
TEIIOBOTO TI0JIsi pe3oHaTopa. IIpu 3roM, Kak BlepBble ObLIO OKa3aHO B pabeore 7], B3aumoeii-
cTBHE KyOUTOB C TEILJIOBLIM IIyMOM PE30HATOPA MOXKET IPUBOJUTDL HE K Pa3PYIICHUIO, 8 K NeHepaIlin
BBICOKOII cTelleHn HepeHyTbIBaHI/IH KY6I/ITOB. CBEISB IVIe}Kﬂy aTOMHOIT KOI'€peHTHOCTDBIO U IIepeIryThiBa-
HEEM B paMKax Mmojenn tuna /xkeitnca — Kammunrca 6bl1a paccMoTpeHa BIepBble B pabore [8].
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ABTOpBI TIOKA3aJIM, ITO TTPU TMPOXOXKIEHUN TPEXYPOBHEBOTO aTOMA Yepe3 TBYXMOIOBBIN TEILTOBOM
PE30HATOD HAJUYNE HAYAJIBHON aTOMHON KOTE€PEHTHOCTH MEXKIY BO30Y2KIECHHBIMU COCTOSIHUSIMU
aroMa MOKeT IPUBECTHU K IePeIlyThIBAHUIO COCTOSIHUIT JIByX TeIUIOBBIX moJieil. B pabore [9] B pam-
Kax JByXxaToMHO#N mojesn JIkeiinca — KaMMuHIca B TEIJIOBOM pe30HATOpE OBLIO TOKA3aHO, ITO
IIEPEIyTHhIBAHUE ATOMOB B IIOIECCE UX IBOJIIOIUU MOXKET 3HAYUTEIbHO YCUJIMBATHCS OJaromaps Ha-
JaJIbHON KOT€pPEeHTHOCTH ATOMOB IO CPABHEHUIO CO CIydaeM, KOrja aTOMbI N3HAYAILHO T'OTOBATCS B
HEKOT'€PEHTHBIX COCTOsAHUAX. [Ipu 3TOM OBLIIO OIpEJIesIEHO, YTO BO3MOXKHO yIIPaBJIEHUE CTEIEHBIO
HEPENyThIBAHUs KyOUTOB IIPU U3MEHUU OTHOCUTEIHHBIX (a3 U aMIUIATY/] MOJISTPH30BAHHBIX ATOMOB.
BrocnencrBun ykazanubiit 3dekT ObLI IpecKa3at JJisd Pa3IuIHbIX 0000IeHnit U paciiupeHuii
nByxaToMHoit Mogenn [xkeitnca — Kammunrca [10-12]. B nocsensee Bpemst 6611 pa3spaboTaHbl
KBAHTOBBIE CUCTEMbI KYOMTOB, M€K Iy KOTOPBIMHI MOYKHO OPI'aHN30BATH CHUJIbHOE B3aNMOJIEICTBHE,
sluacTHOCTH CBEPXIIPOBO/IAIIIE KOIBIA ¢ 17K03e(DCOHOBCKIMI [EPEXOJAMI. B psijie TeopeTuaecKix
paboT MCCIIe0BAJIOCh BIMSHIE HAYAJIbHONW aTOMHON KOT'€PEHTHOCTH Ha CTEIEHb IEPEeIyThIBAHUS
KyOUTOB IIpU HAJIMYHUH [IPIMOTO JIUIIOJIb-IUIIOIBHOTO B3AUMOJIEHCTBUS B PA3JINYHBIX JIBYXaTOMHBIX
mogessix xeitnca — Kammunrca [13; 14|. B mameit pabore [15] nccieroBanach uHaMIKa TEILIOBOTO
MepenyThiBaHus B AByxXaToMuoil momenu JIxkelinca — KaMMmuHrca mpu HaJUYIUN IPSIMOTO B3anMOJIeli-
CTBUSI M3UHIOBCKOI'O THIIA JIJIsSI certapabeibHbIX HEKOT€PEHTHBIX U IIePEIyTaHHBIX COCTOSTHUN KyOUTOB.
[Tpejcrasisier naTEpEC 06OOIIUTD PE3yIIbTAThl pabOTHI [15] Ha cilyudail KOrepeHTHBIX HAaYaIbHBIX
COCTOsTHMIT KyOUTOB.

B macrosimeit pabore Mbl UCCJIEIOBAN BIAUSHAE HAYAIBHOW ATOMHONU KOT'€PEHTHOCTH HA JMHAMU-
Ky MEPEeyThIBAHUS JBYX UICHTUIHBIX KYOUTOB, HEPE3OHAHCHO B3aNMOIEHCTBYIOMNX C OJHOMOJ/IOBBIM
TEIJIOBBIM TI0JIEM UJI€AJTLHOTO PE30HATOPA, IPU HAJUIUU TPAMOTr0 U3MHTOBCKOTO B3aUMOIENHCTBUA
Kyburos. B KauecTBe KpuTepus IeperyTbiBaHus KyOUTOB HCIIOIH30BaJIACh OTPUIIATEILHOCTD. B pe-
3yJIbTaTe MOKA3aHO, UTO MMPU HAJIWYUN IPAMOTO B3aUMOJEHCTBIS HaYaJbHas ATOMHAsI KOT€PEHTHOCTD
KyOMTOB IIPUBOJUT K CYIIECTBEHHOMY BO3PaCTaHUs MAKCUMAaJIbHON CTEIIeHN IIePeITyThIBAHNUS B CJIydae
PE30HAHCHOTO B3aMMO/IecTBUsI KyOuToB 1 nosisd. Ilpu sToM B ciiydae HEPE30HAHCHOIO B3aUMOJIEH-
CTBUs UMEET MECTO 00paTHBIN 3hdeKT.

1. Mogenb u ee TOYHOE pellieHne

PaccmorpuM cucreMy, coCTOSIIY O U3 IBYX MAECHTUUHBIX KYOUTOB, HEPE3OHAHCHO B3aMMOJIEHCTBY-
IOIUX C OJTHOMOJIOBBIM 3JIEKTPOMATHUTHBIM IIOJIEM HJI€AJILHOIO pe3oHaTopa. lIpeamnomokum, 1To
MeXK/Iy KyOuTaMu UMeeTcs MpsiMoe B3auMOJEHCTBIE U3UHIOBCKOIO THIa. st opranu3anum Takoit
CBSI3M MEXKy, HAIIPUMED, CBEPXIIPOBOJAAIIMMI KyOUTAMU UCIOJIB3YIOT TaK HA3bIBAEMbIEe ITaCCUBHbBIC
ssieMeHTHI. [0/l MTacCHBHBIME 3JIeMEHTAMU MOAPA3yMEBAIOTCS SJIEMEHTHI e , JJIsT KOTOPBIX Pe30-
HAHCHAS YaCTOTA HAMHOIO OOJIBINE, YeM YaCTOTa IEePEX0da MEXKy OCHOBHBIM U MEPBBIM YPOBHSIMU
sHeprun Kyoutos. B pesysbrare npu B3auMoJeiicTBUN ¢ KyOUTAMU [TACCUBHbBIE 3JIEMEHTHI BCerjia Oy-
JIyT OCTaBaTbCsS B CBOEM OCHOBHOM COCTOfHUM. JJist OpraHu3aiuu pa3jindHbIX TUIOB B3aUMOI€HCTBUT
MeXK/ly KyOUTaMiu B KadeCTBe [aCCHBHBIX JIEMETOB UCHOJIb3YIOT eMKOCTU U WHIyKTuBHOCTH [16-18].

Torma B cucreme orcuera, BpallaioIieiics ¢ YJaCTOTOH MOJIsI PE30HATOPA, TAMUJILTOHUAH MOJEIU
MOKHO 3aIlicaTh B BUJIE

2 2
_
OH = (1/2) }jlhﬂnyr }:1717(#]-*17+M]- ')+ hZpips, (1)
= =
rie {j — OHepaTop MHBEPCHH HACCICHHOCTeH B i-M Kybure (i = 1,2); ‘u;“ = |+);(—|m B o=
|=)ii (+] — oneparopsl nepexona Mex1y BO3OYK/JEHHBIM |4); il OCHOBHBIM COCTOSHUAMH |—); j-TO

kybura (j = 1,2); 17+ U 7] — OIepaTopbl POXKICHUA W YHHUTOXKEHHA (POTOHOB IOJIs PE30HATOPA;
Y — KOHCTaHTa KyOUT-(POTOHHOrO B3aumojeiicTeusie; () — paccTpoOiKa 9acTOThI MMOJIsT U YACTOTHI
PE30HAHCHOI'O Iepexojia B KyOUTe U 2 — KOHCTaHTa M3UHIOBCKOTO B3aUMOJEHCTBUs KyOUTOB.

Bribepem B KauecTBe HAYaJILHOIO COCTOSIHUS KyOUTOB KOrepeHTHBIE cenapabebHble COCTOSHMUS,
KOTOPBIE MPEJICTABIISIIOT COOON CYIEPITO3UITINE BO30YKIEHHOTO U OCHOBHOTO COCTOSIHUSI:
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¥ (0))q, = cosb|+)1 +sinbq|—)1,

[¥(0))q, = cosba]+)2 + sin | —)o, (2)

rae 01 n 6, — napamerpsl, Olpe/eIsIoNe CTelleHb HadalbHON KorepeHTHOCTH Ky6uTos Q1 u Q
COOTBETCTBEHHO.

Takne HaYaIbHBIE COCTOSIHHS MOXKHO HOJIYINTH JIJIsi KyOUTOB B PE30HATOPE C MOMOIIBIO MUKPO-
BOJIHOBBIX MMILYJILCOB OIIPEJICJICHHON J1INTeIbHOCTH. BhiGupast olpe/ie/IeHHbIM 00pa30M HapaMeTphl
6 1 62, MBI MOXKEM IIOJIyIUTH YeTBIPE HEKOIE€PEHTHBIX Celapabe/bHbIX HATAILHBIX COCTOSHIS KyOu-
toB: |[+,4), |+,—), |-, +), |—,—). Hanpumep, cocrosiumio |+, —) COOTBETCTBYIOT HapaMeTpbl
91:01/192:7'[/2.

HaganbHoe cocTosiHue TOJIsi PE30HATOPA BhIOEpEM B BHUJIE TEILJIOBOIO COCTOSIHUSI ¢ MaTpUIEi

pr (0) =) _puln) (n|.

IIJIOTHOCTH

3iechb BecoBbie KOMDMUIMEHTHI €CTh

ﬁn

pn - (1 +ﬁ)i’l+l’

rae 1 — cpegHee Yncgao POTOHOB B MOJE
_ -1
i1 = (exp [hwean /kpT] — 1),

kg — nocrostnnast Bonbimana u T — TeMiieparypa pe3oHaTOpA.

[Ipex e ueM paccMaTpuBaTh B3aMMOJIEHCTBYE JIBYX KyOUTOB C TEIJIOBBIM TIOJIEM, CHAYAJIA U3y IUM
JIMHAMUKY JIBYX KyOUTOB, B3AaNMOJIEHCTBYIOIIIX C 9JIEKTPOMATHUTHBIM MOJIEM PE30HATOPA B (DOKOB-
CKUX COCTOSTHUSIX. [lJIsT moJydeHust TOUHON MUHAMUKHA PACCMATPUBAEMOI MOJE/N B JIAHHOM CJIydae
MBI UCTIOTBE3YEM TaK Ha3biBaeMble "omerbie" COCTOSHUS MIN COOCTBEHHbIE (PYHKINN TaMUILTOHNAHA
Baanmozeiicrsust (1). TIpemosoxkum, 9ro dncio Bo30yKIeHus cucTeMbl "KyOouThl + moJsie" paBHO
n (n > 1). Torga sBoJOIUsT BEKTOPa COCTOSIHUS PACCMATPUBAEMOli CUCTEMBI GyJIeT IPOUCXO/UTH B
rUJILOEPTOBOM MIPOCTPAHCTBE ¢ HA3MCOM

|_I —n +2> s ’+/ —n + 1>/ |—,+,7’l + 1>/ |+,+,1’l> .
Tor/:a, CODCTBEHHBIE COCTOAHUSI MaMUJILTOHUAHA, (].) MoryT OBITH 3aIIUCAHDBl B BHUIE
|q)in> = win(Xiln ‘_1 —,n+ 2> + XiZn |+/ —,n—+ 1> + XiSn |_/ +,n+ 1> + Xi4n |+/ +,7’l>> (3>

(i=1,2,34),

rje

Wi = 1/7/ [Xitn P + [Xian 2 + [ Xionl? + | Xign
Xin=0, Xon=-1, Xup,=1 Xu,=0,
Xin == ((2VT+nV2Hn) / (4+ 3 +2n— & —dein— b)),
Xiw= (VIH+n(@=0—ein)) / (44 +2n =58 —bei =€),
Xon=(VI+n(E=8=ein)) / (4+ 52 +2n— 05 —deiu—el,),
Xi4,n = 1/
{=%/v, &=0/7.



Becmnux Camaperozo ynusepcumema. Ecmecmeennonaywnasn cepus 2025. Tom 31, M 1. C. 86-98
Vestnik of Samara University. Natural Science Series 2025, vol. 81, no. 1, pp. 86-98 89 u3z 98

CooTBeTcTBeHHO, Ge3pasMepHbIe 3HAYCHNs SHEPreTHIeCKNX yPOBHEH eCTh
En = El,n/(h’)’) = _gl

£ = Ean/(Hy) = g 4 Re [

—6B, +2()* +2'/3¢3°
3 22/3C/3 '

ean = B3/ (hy) = g 4 Re _ (6 + 61\6) By +i (2 (i —6\252(55)2 +21/3 (i + \@) C%/3> 1 |
€4 = Ean/ (1Y) = ng ke i (6 - 6iﬁ) B, +2i (i +6\/2?3(Cg])/23+ 21/3 (_1 _ iﬁ) /37 |

e
Cy = —27A, —9B,(2) +2(0)® + V27+

+/27A2 + B2 (4B, — (2)2) — 2A4(0) (2(0)? — 9B,

Ay =60+ +4ln+2F — (&, B,=—6—7>—4n— 45

[TocraBum nepes coboit 3ajiady HANTH JMHAMUKY PACCMATPUBAEMON MOIEHU JJIsi HAYaJIbHOIO
KOI'€PEHTHOI'O COCTOSIHUsI KYOUTOB (2) M TEIJIOBOrO T10JIs Pe30HATOPa. B KadecTBe mepBoro mara Jijist
pelleHns MOCTAaBIEHHON 3a/1a9¥ KaK y2Ke ObLJI0 CKa3aHO BbIIIe, PACCMOTPUM DeIlleHre YpaBHEHU S
IBOJIIONNY PACCMATPUBAEMOI CUCTEMBI B ciiyduae (POKOBCKUX HAYAJILHBIX COCTOSHUN 3JIEKTPOMATHUT-
HOT'O TI0JIsI PE30HATOPA, a 3aTeM ODODIIIM [0JIyYeHHbIE PE3Y/IbTAThI Ha CJIy4dail TEIJIOBOI0 COCTOSHUS

110JISI PE30HATOPA.

[Ipemmnosnokum, 4YTO paccMaTpuBaeMas CHUCTEMa IIPUIOTOBJIEHA HU3HAYAJIBLHO B COCTOSHUS
|4+, —,n+1) (n > 0). B 3T0M ciiyuae B MOMEHT BpeMeHU | MOJIHAST BpEMEHHAas! BOJIHOBas (PyHKIIUs
CHACTEMBI €CTh

|‘F(t)>Q1 Qon = le/”‘_l —,n+ 2> + Z22,n

+/ —,n + 1> + Z32,71

_/+/n+1> +Z42,I’l|+/+/n>/ (4)
rue
—1E,t/h —1Ey,t/h
Zinn = e M, Yo Xajw + e 2w Yo Xoim + (5)
—1E3,t/h —1E4,t/h :
+ e Bt M s Yoy Xain + e Bt My, You Xy (1= 1,2,3,4)
o Y
Yijn - w]anin-
Ecan naganbpHoe cocroguue cucreMbl \—, +,n+1) (n > 0), To BpeMeHHast BOJIHOBast (DYHKIHST
MOKET OBITH 3alliCaHa KakK

"F(t)>Q1 Qyn — Z13,f’l‘_l —n + 2> + Z23,11 +/ —n + 1> + Z33,n|_/ +/ n+ 1> + Z43,n +/ +/ n>r (6)

rae koaddunuenrst Zj3, MOryT ObITb IIOIy4eHbL U3 (5) myTeM 3aMeHbl Yo, Ha Yz, (i =1,2,3,4).
st uncsia oToHOB B pesonaTope 1 = 0 M HaYaJLHBIX cOCTOSHUI KyouTos |+, —) u |—,+)
BPEMEHHBIEC BOJIHOBbIE (DYHKIIUKM CUCTEMBI €CTh

¥ (t)) 0100 = Gra(t) |+, —,0) + Ga(t)[—, +,0) + Ga2(t)|—, —, 1), (7)

¥ (1)@ 0 = Gua3(t) |+, =, 0) + Gas(b)| =, +,0) + Ga3 () [ =, =, 1) (8)

cooTBeTcTBeHHO. Bpementbie koaddurments! B hopmynax (7) u (8) ecrsb

2ie7i0) sin [%Ws (-2 + 5)2}
8+ (—20 +0)2

G2 =Gz = —
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1 1y _ 5)2
Gy = Gos = . Lit(—o++/8+(=20+0) )x

4./8+ (=27 +6)2
x(( 14 eVEHCRIT) (o — 5) /84 (—20 + )2 + VIR fg o (—ag 4524

bt (273482 ko) 8+(—2+5)2)

Gy = s — 1 2€—%it(—5+\/m) y
4,/8+(—27+6)

><<( 1 oVEHCRRRY (2 = 6) 4 \f8 4 (=20 +0)2 4 VEF R fg 4 (20 + 62
_ophit(2—ot /B2 10R) \/8 +(—20+ ‘5>2> '

s HagaaIbHBIX COCTOSTHUM H—, +,n> u ‘—, —,n+ 2) (n > 0) BpemeHHBIE BOJIHOBBIE (DYHKIHI
CHUCTEMBI MOTYT OBITH IPEJICTABJIEHBI B CJICIYIOIIEM BHJIE:

Y (1) g, qun = Z1in|— = +2) + Zoiu |+, — n+ 1) + Zaiu | =, +,n+ 1) + Zay o [+, +,1), (9)
u
'Y (t)>Q1 Ount = Ziay = —n+2)+ Zoay |+, —n+1)+ Zgap|—, +,n+1) + Zaa, |+, +,n) (10)

coorsercrBenno. Kosdbduimenter Zj1 , (Zig ) MOryT OBITH HOJIyYIeHD U3 (5) IIyTeM 3aMeHBL Ypj, Ha
Ylin (Y4i1’l) (1 = 1/ 2/ 3/4)

st HagasibHOrO cocTosiuus |—, —, 1) BpemenHasi BosiHOBasi QyHKIMS €CTh

¥ (1)0r0u = G 1= = 1) + Gy [+, —,0) + G/ -, +,0), (1)
riue
Gualt) = e—%it(—5+\/8+(—2§+5)2)(_2(_1 +eit\/8+(—2§+§)2)€_
H 2/8+ (—20 +0)2
=04 B (F20H 02 VIO (54 /B (=20 +6)?))
2,/8+ (=27 +6)2 ’
2iedi sin [3t\/8+ (~20 + 07|
Gou(t) = — _
V8+ (=27 + )
2iei# sin [%t\/S ¥ (=20 + 5)2}
G34(t) = — 5
V84 (-2 +9)
Hakowen, /s HauaabHOTrO cocrosiaus |—, —,0) MbI nMeem

¥ (£)) @ @0 = Gaa(t)|—, —,0), (12)
riae G44(f) =1.

Ucnonb3ys Beipazkemnus (3)—(10), MbI MOXKEM IIOJIyIUTHh BPEMEHHYIO MATPHILY IJIOTHOCTHU JJIst
1oJTHO# crucreMel "aBa Kybmra + Moza monst" pg, 0, F (f) B ciydae TEIIOBOIO COCTOSIHMS IOJIST
pE30HATOPa M KOIEPEHTHBIX COCTOSHHN KyOuToB (2). Yepeasst IIOJIHYIO MATPHUI ILUIOTHOCTHU II0
IIepEeMEHHBIM I10J1¢l, Mbl MOXKEM IIOJIYIUTH PEAyIUPOBAHHYIO I[ByXKY6I/ITHyIO MaTpUIly IJIOTHOCTU

£01,Q: (t) = TrFPQLQz,F (t) . (13>

B mByxkybuTHOM Hazuce
= =) =) )

marpuna mwiotHoctu (11) umeer Bug
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P11 P12 P13 P14
P12 P22 P23 P24

lefQZ(t) = 4 (14)

P13 P33 P33 P34
Pla P24 P34 Pa4
rie

p11 = |al? ) Pl Za1n)* + b ) PulZagn-1)* + bc* Y PnZarn-1Ziz, 1 +

n=0 n=1 n=1

+cb* YN puZizn1Zip, 1 + 1P Y pulZazna P+ 1A Y pul Zagu—2l?,
n=1 n=1 n=2

p12=ab* Y puZanZi 1 +ac* Y puZanZosu-1+

ne1 n=1
+0d" Y puZaop-1Zoan-2+cd* Y pnZazn-1Z34, o+
n=2 n=2

+ p1(bd* Z420G34 + cd* Z430G34) + po(ab™ Z41,0G3y + ac* Z410G33),

p13=ab" ) puZunZson-1+ac’ ) pnZanZiz,  +
n=1 n=1

+ bd* Z pﬂZ42,n*1Z§4,n72 + cd* Z an43/n,12§4,n,2 +

n=2 n=2

+ p1 (bd*Z42,0G§4 -+ cd* Z43/0G§4) + Po(ﬂb*ZMI()G;z + ElC*Z41,0G§3),

018 = ad™ Y puZanZis, o + prad*Zs1Giy + poad* Za o,
n=2

02 = |a|? Z Pl Za1n)* + |d|? E PnlZoan—2|* +
n=0 n=2

+ bc* Z anZQ,n,1Z§3’n,1 + cb* E an23,n71Z§2,n—1 +

n=1 n=1
+ |cf? ) PulZosu—1]* +|b]? ) PulZon-1)* +
n=1 n=1
+ p1]d?|Gasl? + po(|b?|Gaa|? + be* G2 Gs3) 4 po(cb* GasGaylcl?|Gas|?),

023 = 1a1* Y puZoinZyyn + 1417 Y puZoan—2Z3y, 5 +
n=0 n=2

+ bc* Y puZoan-1Zizn 1+ " Y PuZosn-1Zsn-1 +

n=1 n=1

+ 1cl* Y puZosn-1Z53, 1+ 1612 Y puZoon-1Z35, 1 +

n=1 n=1

+ p[1]|d[*G24G33 + p[0](|b|*G22G3, + be* GGl + cb* Gas G, + |c|*Ga3Gas),

p33 = |a|? ) PnlZa1n)? + |bJ? ) PulZaon-1|* + bc* Y PnZaan-1Z33,1 +
n=0 n=1 n=1
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+ cb* Y puZssn-1Zip, 1+ c|? ) PnlZasn-1|2 + |d|? Y PnlZaan—2|* +
n=1 n=1

= = n=2

+ p1ld|?|Gasl? + po(|b]?|Ga2|* + be* G32G35 + cb* Ga3G3, + [c[*[Gas|?,
034 = ab* Z an31,nZ12,n,1 +ac” Z PnZ31,nZ13,n71 +
n=1 n=1

+ bd* Z an32,n71Z>1k4,n72 —+ Cd* Z an33,n,1Zf4,n,2 +

n=2 n=2

+ p1 (bd*Z:J,zloGﬁ + Cd*Z33loGik4) + po (ab*231,0Gik2 + [lC*Z31,0Gik3) +
+ po(bd*Gsp + cd*Gss,

paa = 1> Y pulZua P+ 161 Y. pulZion1 P +bc* Y puZiopn-1Zis, 1 +

n=0 n=1 n=1

+cb* Y puZizn-1Zinu 1+ cl* Y pulZizpaa P+ 1d1P Y pulZian—|* +

n=1 n=1 n=2

+ p1ld?|Gual? + po(|b*|Gra|? + be* G12Gis + cb* G1aGiy + [c[*|Gra| + |d[?).

Bnech a = cos by cost, b =cosbisinf,, ¢ =sinfjcosh,, d = sinbsinb,.

st IByXKyOUTHOMN CHCTEMBI, ONUCHIBACMOIT PE/yIIMPOBAHHON MaTpuIeil mornocTr (12) B Kade-
CTBE KOJIMYECTBEHHOU MephI TepelyThIBaHus KyOUTOB, MOXKET ObITH BBIOpAH MapaMeTp, HA3bIBAEMBbIi
orpurarTeabHOCThIO [19; 20|, YKasaHHbI napamMeTp MOXKHO IIPEJICTABUTH B BUJIE

£ = —22)([, (15)

rje X; — OTpUIllaTe/]bHble COGCTBEHHBIC 3HAYCHUs YACTHYHO TPAHCIIOHUPOBAHHOM 0 IIePEMEHHbBIM
. T
OJIHOTO KyOuTa pejlyllMPOBAHHON MATPHIBL 0 Qz(t)'
JIJ1s1 KOrepeHTHBIX HaYaIbHBIX COCTOSHUIT KyOUTOB pacCMaTpuBaeMasi MATPUIIA UMEET BUI

P11 P12 P13 P
T _ | P P2 Pl Py | 16
Pa10 013 P14 P33 P34 (16)
023 024 P34 Pa4

CobcTBeHHbIe 3HAUEHMsT MATPUIIBI IIOTHOCTH (14) MOryT OBITH HANJIEHBI B aHAJIMTHUYECKOM BHUJIE.
OnHako OHM MMEIOT HACTOJIBKO I'POMO3IKMI B, YTO B HACTOINEH paboTe yKa3aHHbIE MaTPUIHBIE
3JIEMEHTHI U OTPUIATEJIBHOCTD BBIUUCIISIINCEH ITOCPEJICTBOM YUCJIEHHBIX PACUYETOB.

2. Pe3yabTaThl pacdyeToB

Ha puc. 2.1 npejcrasiena BpeMeHHAs 3aBUCHUMOCTb OTPHIATEILHOCTH €(F) 0T 6e3pasMepHOro
BPEMEHH Yt JIsi CJIydasi Pe30HAHCHOIO B3aMMOJIEHCTBUSI KyOUTOB € HOJIEM PE30HATOPA, PA3INIHbIX
SHAYEHUH TapaMeTpa U3MHIOBCKOIO B3aMMOJIEHCTBHS KyOUTOB n (DUKCUPOBAHHOTO 3HAYMEHUsI CPEJI-
HEro 4ncja TelyioBbix ¢horoHos B Moje i = 10. CuomHble KpUBble Ha PUCYHKAX COOTBETCTBYIOT
KOTepeHTHBIM HauabHbIM cocTogrusaM kyburos [¥(0))g, = 1/vV2(|+)1 + [=)1), [¥(0))g, =
= 1/V2(|+)1 — |=)1), a mTpuxosbie juHEE — cenapabeNbHBIM COCTOSHUAM KyOUTOB BHIA
['¥(0))g, 0, = |+, —). Uucsennoe MoenupoBanie, IIOKA3aJI0, YTO BPEMEHHBIE 3aBUCHMOCTH OTDHIIA-
resbHOCTH €(F) [yt catydast heppoMarHuTHOro Tuia cBs3u Kyouros ({ < 0) u anTndeppoMarHuTHOrO
Tuna cBsi3u KyouTtos ({ > 0) HOJHOCTBIO COBIAIAIOT JJIsl JIFOOBIX 3HAYEHUIl [TapaMeTPOB MOJIEJIH.
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N3 pucynka 2.1 X0poIiio BUJHO, 9TO B CJlydae PE30OHAHCHOTO B3AUMO/IEHCTBUS MAaKCUMAaJIbHAs CTEIEHb
MepPEenyTHIBAHUS CYIIIECTBEHHO BO3PACTAET MPU HAJIMYNY HAYAJIbLHON KOT€pPEeHTHOCTH COCTOSHUN KyOu-
ToB. IIpu 5TOM 3aBHCUMOCTH MaKCHMAJILHON CTEIEHU IepeIyThIBaHus KyOuToB OT 6€3pa3MepHoro
napaMeTpa M3MHIOBCKOI'O B3aMMOJIEHCTBUS KyOUTOB B CJIydYae KOI'€PEHTHBIX HAYAIBHBIX COCTOSTHUI
KyOUTOB HOCUT HEMOHOTOHHBLIH XapakTtep. [Ijst MajbiX 3HaYEHU KOHCTAHTHI U3MHTOBCKOT'O B3a-
nmogeiicteust (0 < ¢ < 0.05) yBesmmuenne yKazaHHOrO HapameTpa MPUBOJIUT K OBICTPOMY DPOCTY
MaKCUMAJILHOW CTEleHN IeperyThiBanus. B objactu ke 3HavdeHuit 6e3pa3MepHoOro nmapamMeTpa u3nH-
TOBCKOTO B3amMoyeitcTust { > 0.05 yBenndenne MHTEHCUBHOCTH U3WHTOBCKOTO B3aMMOIEHCTBUS
MPAKTUYIECKHU HE BJIMSAET HA MAKCUMAJILHYIO CTEIICHD [I€PENyThIBAHUS KyOUTOB. YKa3aHHBIN apaMerp
CYIIECTBEHHO BJIMSIET HA MEPHUO/J] OCHULIAIui Pabu oTpunarebHOCTH.
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Puc. 2.1. 3asucumocts orpunarensuoctu €(f) oT 6e3pa3sMepHOro BpeMeHu Yt JIjisi PE3OHAHCHOTO
B3auMozeiicTeusa Kybutos u nons. Cpennee uncio Temaosbix ¢potoHoB B Moge 7 = 0.01. Crtomuble aunun
COOTBETCTBYIOT KOI€PEHTHOMY COCTOSTHUIO KyOUTOB BHJIA
¥(0)) g, = 1/V2(+h +1-h) [E(O)a, = 1/v2(14)1 — |=)1); a nrrprsossie mmn —
cemapabenbaoMy coctosamio Kyburos suma [¥(0))o, o, = |+, —). Bespasmepnslit mapamMerp H3MHIOBCKOTO
s3anmozeiicrsust: { =0 (a), { =0.05(b), { =01 (¢c)u =1 (d)

Fig. 2.1. The negativity &(t) vs scaled time 7t for resonance interaction between qubits and field. The mean
thermal photon number in the mode 7 = 0.01. The solid lines correspond to coherent initial qubits state
[¥(0))o, = 1/V2(|+)1+|-)1), [¥(0))g, =1/V2(]+)1 — |—)1), and the dashed lines correspond
to separable qunits state [¥(0))o, 0, = |+, —). The scaled Izing couplings are { = 0 (a), = 0.05 (b),
{=01(c)and { =1 (d)

Ha puc. 2.2 upescraBiena BpeMeHHasl 3aBUCUMOCTb OTPUIATEIbHOCTH £(t) 0T Ge3pa3MepHOro Bpe-
MeHU 7yt JjIsl CiIydast HEPE30HAHCHOI'O B3aMMOJEHCTBHsI KYOUTOB C [I0JIeM PE30HATOPA, KOMEePEHTHBIX
HavYasIbHBIX cocTostamit Kyouros [¥(0))g, = 1/V2(]+)1 +1=)1), ['¥(0))g, = 1/V2(|+)1 = |=)1),
Pa3/INIHBIX 3HaYeHnil 6e3pa3MepHOro napaMeTpa pacCTPOUKH ¢ U (PUKCHPOBAHHBIX 3HaUYeHUil Oe3-
pa3MepHOil KOHCTAHTBI N3MHIOBCKOI'O B3ANMOJCHCTBUS { M CPE/IHEr0 YnCja TEIIOBBIX (DOTOHOB B
mojie 1 = 10. 113 pucynka 2.2 X0OpoIo BUJIHO, YTO IPU YBEJINYEHUH PACCTPOIKHN BIIMsSIHUAE HAYAJIBHOMN
KOTePEHTHOCTH KyOUTOB Ha CTEIeHDb UX IEPEIlyThIBAHUS CYIIECTBEHHO YMEHbIIACTCSI.
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Puc. 2.2. 3asucumocts orpunarensroctu £(f) oT 6e3pasMepHOTO BpeMeHU 7 JIJisi HEPE3OHAHCHOTO
B3anMoJieiicTBust KyonTos u 1oJist. CpesiHee unciio Tensiobix GporoHos B Moje I = 10. BespasmepHbiii
napaMeTp U3MHrosckoro s3ammozeiicteua { = 0.1. HauanpHoe KorepeHTHOE COCTOSHIE KyOUTOB
[¥(0))o, = 1/V2(|+)1+|-)1), [¥(0))g, = 1/v2(]+)1 — |—)1). Bespasmepubiit napameTp paccTpoikm
¢ = 0 (cuommas smunst) u ¢ = 1 (mrpuxosas juuug) (a), ¢ = 5 (cuwommuas uang) u ¢ = 15 (mrpuxosas
saaust (b)

Fig. 2.2. The negativity £(f) vs scaled time <t for not-resonance interaction between qubits and field.
The mean thermal photon number in the mode 71 = 10. The scaled Izing coupling { = 0.1. Initial coherent
qubits state [¥(0))g, = 1/v2(|-+)1 +|—)1), [¥(0))g, = 1/v2(]+)1 — |—)1). Scaled detuning ¢ =0
(solid) and ¢ =1 (dashed) (a), ¢ =5 (solid) and ¢ = 15 (dashed) (b)

SakJirouyeHue

B nmacroseit pabore MbI HAIILIM TOYHYIO AUHAMUKY MOJIE/IN, COCTOSINEH U3 NBYX UIECHTUIHBIX
KyOWTOB, HEPE30HAHCHO B3aMMOIEHCTBYIONINX C MOJION TEIJIOBOTO MOJIs UACATHHOTO PE30HATOPA, IS
Ha4daJIbHBIX KOI'€PEHTHBIX COCTOSTHUI1 Ky6I/ITOB Ipu HaJINIUU UX IIPAMOIrO BBaI/Il\lO,ZLeﬁCTBI/Iﬂ N3NHI'OB-
ckoro tuia. [lojygenHoe TouHOE pelenue st KBAHTOBOIO ypaBHeHUs JInyBuUsIs paccMarpuBaeMoit
MO/IEJTH TIO3BOJIAJIO HAM PACCUUTATH BPEMEHHYIO 3aBUCUMOCTH IIapAMeTPa HepeIy ThIBaHusi KyOuTOB —
OTPHUIATETLHOCTH JJTsT PA3IMIHBIX MAPAMETPOB MOMe/N. PacteTsl MOKa3a/n, 9TO B CIydae Pe3o-
HAHCHOT'O B3aUMO/IEHICTBUsT KYOUTOB M IOJIsI HAJIMYINE HAYAIBHON KOT€PEHTHOCTU KYOUTOB IIPUBOIUT
K CYIIIECTBEHHOMY BO3paCTaHUIO MaKCHUMaJIbHOI CTEIIeHU X nepenyTbiBaHud. HpI/I 9TOM BJIUAHUE
PSIMOTO B3aUMO/JIECTBUST KYOUTOB Ha CTEIIEHb UX HEPEIyTHIBAHUS UMEET BaXKHOE 3HAYCHUE ISt
MaJIbIX 3Ha4YeHuil mapamerpa npsamoro s3anmopeiicteus X < 0.057. B ciryuae HepesoHaHCHOTO B3au-
MOJIEHCTBUS KYOUTOB C MOJIEM PE30HATOPA MOKA3AHO, 9TO MPU YBEJTUYCHUN PACCTPONKN BJIUSTHIE
HavYaJIbHOI KOT'€pEHTHOCTH Ky6I/ITOB Ha CTEIIeHb UX IMEPEIlyThIBaHNA CYIIIECTBEHHO YMEHbBIIIACTCH.
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Received:  11.01.2025 Abstract. The exact dynamics of a model consisting of two identical qubits
Revised:  09.02.2025 interacting non-resonantly with the electromagnetic field mode of an ideal resonator
Accepted:  07.04.2025 via single-photon transitions is found in the presence of direct Ising interaction of
qubits. The exact solution is used to calculate the two-qubit negativity of qubits in
Scientific article the case of a coherent initial state of qubits and a thermal state of the resonator
field. It is shown that in the case of resonant interaction of qubits with the field, the
|@ ® initial atomic coherence leads to a significant increase in the maximum degree of
entanglement. The inclusion of direct Ising interaction of qubits can significantly

enhance the entanglement of qubits in both coherent and non-coherent initial states
of qubits. In the case of non-resonant interaction of qubits and the resonator field,
the detuning leads to a weakening of the effect of atomic coherence on the dynamics
of qubit entanglement.
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Abstract. Methods for generating electronically controlled ion and plasma fluxes in
magnetic fields have been developed for neutron generator, plasma electric generator,
and klistron-based generator. The technique and technology for the creation and
formation of electronically controlled ion and plasma fluxes in magnetic fields have
been developed to enable controlled nuclear fusion by means of adaptive modulation
of discrete flows. The operation of these installations is based on plasma compaction
principles with real-time magneto-optical synchronization, which is employed to
minimize cyclotron radiation losses. This work provides a comprehensive methodology
for experimental validation, focusing on high-energy photon detection (6-17 MeV
range) and alpha particle shielding via 50 ym titanium foil, essential for industrial-
scale plasma generator testing. Theoretical and applied aspects of magnetodynamic
plasma flow simulation are discussed, alongside a novel plasma neutron generator
design with a dynamic target. The proposed electronically controlled plasma energy
converter achieves a thermal output power of 8-25 kW and electrical power of
4-12 kW, surpassing conventional D-T systems in energy conversion efficiency
(>50 %). A neutron generator with a plasma target impulse flux up to 1010 571 s
proposed, highlighting advancements over conventional D-T systems. The deployment
of compact neutron/electric generators addresses limitations of traditional fission
reactors, offering modularity and rapid scalability. Recent innovations include pulsed
D-T generators and hybrid laser-plasma systems, yet energy conversion efficiency
remains suboptimal (<30 %). Our work introduces an electronically controlled
plasma generator utilizing lithium hydride evaporation and quadrupole magnetic
discretization (Patent RU 2757666), achieving >50 % efficiency via adaptive ion flux
synchronization. By addressing scalability challenges of traditional fission reactors,
this technology offers modularity and rapid deployment capabilities, with applications
ranging from isotope production to compact neutron sources.

Key words: quadrupole magnetic systems; electrostatic acceleration; magnetic
lens; plasma target; fusion; synthesis; plasma currents; synchronization;
synthesis-generator; neutron generator; klystron; gamma spectroscopy.

Introduction

The complexity of regulatory approvals, high capital costs (~ $5--10 billion per reactor), and
decade-long construction timelines for conventional fission reactors limit their deployment. The
difficulties and long manufacturing time of nuclear reactors as sources of electrical and thermal
energy, as well as sources of neutrons of various intensities, lead to the need to create alternative
devices as electric and neutron generators, but such compact generators can be applied in much
larger fields: the hidden nuclear materials detection [1], the isotope production [2]|, the neutron
therapy for fighting cancer [3-6], the sources and applications for borehole logging [6-8|, the neutron
transmutation doping [9]. While conventional nuclear reactors face challenges such as high capital
costs, regulatory complexity, and limited scalability, compact neutron/electric generators offer a
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disruptive alternative with modularity and rapid deployment capabilities. The various energy and
power source systems are shown in the Ragone diagram in Figure 1.1.

The most common reactions in neutron generators are deuterium-deuterium (D-D) or deuterium-
tritium (D-T) synthesis ones. And nowadays there are new modifications of generators using
various [6; 10-12| synthesis reactions and constructions. The deployment of compact neutron/electric
generators addresses limitations of traditional fission reactors, offering modularity and rapid scalability.
Recent innovations include pulsed D-T generators with tritium breeding blankets [10], subcritical
assemblies for isotope production [12], and hybrid systems combining electrostatic acceleration with
laser-initiated plasma compression [6]. However, these systems often suffer from low energy conversion
efficiency (<30 %) due to unoptimized plasma confinement and synchronization challenges. Unlike
conventional D-T generators with fixed beam targets [10], our system employs adaptive plasma
discretization, enabling real-time energy tuning via magneto-optical feedback (Fig.1.2). We focus on
the electronically controlled plasma electric generator, which is based on the reactions of nuclear
fusion of various light nuclei in plasma streams [13-17] obtained as the result of evaporation of
lithium hydride or beryllium tetrahydroborate.

In this work, we propose a breakthrough solution: an electronically controlled plasma generator
based on discrete ion flux modulation in quadrupole magnetic fields [18; 19] (Fig.1.3). Our approach
utilizes lithium hydride evaporation to create high-density plasma streams, which are dynamically
compressed via spherical cumulation of shock magnetic waves [18; 19]. The key innovation lies
in the discretization of ion flows using adaptive magneto-optical lenses, enabling near-lossless
energy transfer between plasma and electric circuits (Patent RU 2757666 [20] & WO2022186717A1).
While conventional D-T neutron generators achieve fluxes up to 102 n/s [6], their energy conversion
efficiency rarely exceeds 25 % due to unoptimized beam-target overlap. Our technology overcomes this
limitation via dynamic plasma discretization in quadrupole magnetic fields (Patent RU 2757666 [20] &
WO02022186717A1), enabling quasi-steady fusion regimes with #>50 % (Fig.2.1). The key innovation
lies in the real-time synchronization of ion fluxes using adaptive magneto-optical lenses, which
reduces cyclotron radiation losses by 30 % compared to tokamak-like configurations [19].

In contrast to conventional linear accelerators or radioisotope-based neutron sources, our
technology leverages electronically controlled plasma dynamics with discrete ion flux modulation,
enabling precise synchronization of fusion events and reduced parasitic energy losses. Building on our
earlier developments in quadrupole magnetic systems [19] and plasma discretization algorithms [18],
this work introduces a novel approach to energy conversion via magneto-optical synchronization of
self-following ion streams.

Structural focus:

Sections 1-2 detail the generator design, including the klystron-based quantum energy converter
(QEC) and neutron generator with a dynamic plasma target.

Sections 1-2 details the system’s core components: (a) a neutron generator for isotope production,
(b) a non-neutronic plasma generator for energy conversion, and (c) a klystron-based quantum energy
converter (QEC). Each module leverages adaptive magneto-optical synchronization, as described in
Section 3.

Section 3 presents the experimental methodology, emphasizing alpha particle shielding (3.1) and
photon detection (3.2) for validating fusion reactions in industrial settings. This section bridges
theoretical models with practical implementation, ensuring reproducibility in high-power regimes.

1. Experimental design construction

As illustrated in the Ragoné diagram (Fig.1.1), our electronically controlled plasma generator
bridges the gap between large-scale fusion systems (e.g., ITER) and portable energy storage solutions.
By leveraging lithium hydride evaporation and quadrupole magnetic discretization (Patent RU
2757666 [20]), the system achieves > 50 % energy conversion efficiency, positioning it within the
high-performance quadrant of the diagram. This modular approach addresses scalability challenges,
offering thermal outputs of 825 kW and electrical power of 4-12 kW, which surpass conventional
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D-T systems and align with industrial demands for compact neutron/electric generators. Further
details on alpha shielding (50 pm Ti foil) and photon detection (6-17 MeV range) are provided in

Sections 3.1-3.2.

Ragoné Diagram: Plasma Systems vs. Energy Storage

108
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107 Rocket (RD-180). Systems:
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Fig. 1.1. Ragoné Diagram: Plasma Systems vs. Energy Storage

Puc. 1.1. Cxema Parons: miasMeHHbIE CHCTEMBI, MOITHOCTU U Y/EIbHbIE 3HEPTUU B CPABHEHNHU C PA3TAIHBIME
UCTOYHMKAMU 1 HAKOIUTEJAMU SHEPIUU

The report presents an electronically controlled plasma generator, which can be used as a neutron
source. Highlights of our installation system (see Fig.1.2) work according to the following principles:

1. electrostatic acceleration of ionic and electronic components;
2. variable compression of successive discrete ion and electron fluxes by a magnetic lens;

3. ensuring quasistability by converting outgoing flows into rotation of the dynamic plasma target
after combining ions and electrons flows;

4. braking of the frontal current, which becomes the target, and collision with new particle fluxes
(in fact, synthesis on oncoming beams);

5. ensuring "multi-passability" of plasma currents through the active zone chamber;

6. external and internal electronic synchronization of the system, due to which the implementation
of the points above is ensured.

Note that in the new plasma generator circuit, the magneto-optic synthesis chamber (see 8 in
Fig. 1.2) design differs from the version for the generator for the purpose of doping the target with
C-14 atoms, presented in the paper [16], by the set of additional nodes that determine the control of
the separation of ion and electron fluxes with the subsequent task of converting energy in QEC.

In Fig. 1.2 a description of the example circuit for the plasma neutron generator is presented.
The supported reactions are shown in Table 1.1.
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Fig. 1.2. Device schematic of the plasma generator: 1 — cartridge-ionizer of beryllium tetrahydridoborate or
lithium hydride (LiH/Be(BHy), ionizer); 2 — magnetic transportation of ions; 3 — magnetic transportation
of electrons; 4 — magneto-optical storage section and ion accelerator (adaptive magneto-optical lens);

5 — electron accelerator and magneto-optical storage section; 6 — section of magneto-optical plasma
neutralizer—storage; 7 — section of magneto-optical plasma sweep; 8 — magneto-optical 4-(or 8-cycle)
synthesis chamber with magneto-electrostatic separator of ionic and electronic components (synthesis
chamber with 4-cycle separator); 9 — high-frequency fly-by-span triode — ion-emission quantum energy
converter (QEC)

Puc. 1.2. Cxema ycTpoiicTBa mIa3MeHHOTO reHepaTopa: 1 — KapTpHIK-MOHU3ATOP U3 TeTParnapusotopara
Geprmst win ruapuaa gutust (nornsarop LiH/Be(BHy),); 2 — MarauTHasi TpaHCIOPTUPOBKA UOHOB; 3 —
MAarHATHAsS TPAHCIIOPTUPOBKA JIEKTPOHOB; 4 — CEKIMs MArHUTOOITUYIECKOTO HAKOIUTEJA U YCKOPUTEIb
MOHOB (2JAIITUBHAS MATHUTOOITHIECKAs JIMH3A); b — YCKOPUTE/Ib 3JEKTPOHOB M CEKIIUs MAIHUTOOITHIECKOTO
HaKOIUTEJIsT; 6 — CeKIUsI MAarHUTOOIITUIECKOTO HENTPAJIN3aTOPa-HAKOIIUTEIS TIJIa3MBbl; 7 — CEKITUs
MArHUTOONTHYECKO Pa3BepTKH ILUIA3Mbl; 8 — MaruToonTuydeckas 4- (uam 8-rakTHas) KamMepa CHHTE3a ¢
MATHUTO3JIEKTPOCTATHIECKAM CENapaTOPOM MOHHBIX U 3JIEKTPOHHBIX KOMIIOHEHTOB (KaMepa CHHTE3a, C
4-TaKTHBIM CeNapaTopoM); 9 — BBICOKOUACTOTHBIN MPOJIETHBIH TPUOJ| — MOHHO-SMUCCHOHHBIH KBAHTOBBIH

Fig. 1.3. Electronically controllable plasma electric generator: technical drawing, illustrative drawing,
and photography

Puc. 1.3. Yeprex, pucynok u dbororpadus 3/1eKTPOHHO-YIIPABJIAEMOr0 ILJIA3MEHHOIO JIEKTPUIECKOrO
reHepaTopa
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Table 1.1
Supported reactions in the ion—plasma generator [29; 30|

Tabsma 1.1

HO,Z[,I[ep)KI/IBaeMbIe pPeaKnyMm B MOHHO-IIJIAa3MEHHOM re”Hepartrope

Energy release Omax(barn) Energy of the

Reaction MeV in range of 1 MeV incident particle (MeV)
p+°Li—*He+3He 4.0 0.0001 0.3

p+’Li— 24He+y 17.3 0.006 0.25
p+°Be— 24He+d 0.56 0.46 0.33
p+°Be—SLi+*He 2.1 0.35 0.33
p+11B— 3*He 8.7 0.6! 0.675
d+7Li—"Li+p 5.0 0.001 1.0

d+"Li— 3*He 22.4 0.026 0.60

I The maximum is ~ 1.2 barn at an energy of 675 keV

When overcoming the Coulomb barrier (less than 0.5 MeV) the energy gain exceeds Coulomb
losses. Crucial in choosing the reaction is the ability to achieve the conditions under which the chosen
reaction comes at a speed of practical interest. The studied modes of ion flows from 100 to 125 keV
for the neutron generator and flow control from 200 to 250 keV [21] for the plasma generator are
most interesting, as it should be implemented in the synthesis with Lithium-7, the most energetically
effective and practically implemented in key processes with heating and electronic control.

The following fusion reactions involving light nuclei are most likely for the plasma generator as a
neutron source: with H, D, T, 3He, °Li, “Li, B, Be.

2. Technology and technique for the flows discretizations

It is well known that to accelerate ions and electrons, it is necessary to use some type of the
cascade voltage multiplication scheme. But in our case, it is important to create the multiplier
tunable in discrete values to accelerate individual flows to the specified values of the accelerating
voltage.

The technology of creation and modes of operation of electronically controlled ion-plasma
generators is based on the method of obtaining controlled plasma flows. The assignment for the
primary ion and electron flux of certain laws of parameter change: energy E, current of particles
I, concentration n, period of following Ty; allows forming primary electronically controlled streams
of charged particles. For each value of the generated sequences n;, the interval E;...E, is uniquely
defined with the step of change AE. From discrete sequences n;, the set E is formed with energy
distribution Ej...E, for each discrete sequence of subsets. This set E of discrete sequences n;; is given
in the volume area V;. Having different discrete sequences n, n,...1nj, with the Ty partition of the
sequence 1;, we obtain the set of the energy subsets E(nj,) in the volume area V;,. In this case, the
magneto-optical storage former is designed to form linear plasma flows of the required concentration
and following period.

The motion of charged particles in electromagnetic fields is described by the Lorentz equation,
where E — electric field strength vector, B magnetic field strength vector, g — charge of particle, V-
initial velocity of particle motion. The Lorentz force governs ion trajectories in crossed electromagnetic
fields, where ¢ is the charge state (e. g., g = +1e for protons, with e denoting the elementary charge,
e~1.6x107" Q):

F:q(EjL[V,ED. (2.1)
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Let us take as the initial values the vector B —(0,0,B), and the wvelocity vector
V=(Vosin(a),0,Vy cos(a)), where a is the angle at which the particle flies into the solenoidal magnetic
qB

field. Let’s make a change of variables w = o and solve the differential equation, then we’ll get:

x(t) = %sin(a)cos(wt) (2.2)
y(t) = %sin(a)cos(wt) (2.3)
z(t) = %tcos(a) (2.4)

0.01 T 1 T T T

5918x107°.

0.003

x(t.v0) 0

-0.005

e 5913’(10_3,001 I | | | |
=0.006 ~0.004 -0.002 0 0.002 0.004 0.006

—5018x107°, y(t.v0) 5.918x107°,

Fig. 2.1. Transverse emittance of an ensemble of particles with different initial velocities, m

Puc. 2.1. Tlonepeunsrit mcmycKaTeMbHBINA MOTEHIITAT AHCAMOJIS TACTHIL ¢ PA3TUIHBIMEA HAYAIHHBIME
CKOPOCTSIMH, 1M

Then, using formulas we can display the change in the X coordinate on the vertical axis, and the
change in the Y coordinate on the horizontal axis, and obtain the transverse emittance of the beam,
Fig. 2.1 [22].

Magneto-optical or electrostatic sweep is designed to generate the desired shape and deviations
of the plasma flow at the output of the accelerator. For the formed sweep energy subsets, E (1, ) we
set the quadrature sweep along the axes X, Y. The change in the magnetic field strength By, B, with
the step AB and/or the elongation of the electric field Ey, E, with the step AE according to the
given general functional law provides the required sweep for energy subsets E(#n;, ). Changing the
magnetic field strength By, B, with increment AB and/or changing the intensity of the electrostatic
field with the step AE forming the sequence (By,...Bx,, By,...By,, Ex,...Ex,, Ey,...Ey,) thus, there is
the set (By,, By,, E(nik,), Ex,, Ey,). To is for crossed fields for each individual discrete sequence the
aggregate and functionally related values of By, B, or Ey,, Ey, are defined [19; 23]|.

We present the parameters of the accelerator with a step of adjustment of the accelerating voltage
AU. Technically, the power supply circuit of the multiplier is a PWM converter implemented by the
bridge circuit and with a change in the supply voltage from 11 to 12 V with the tuning step of 0.1 V.
This allows the output of the step-up transformer to receive the discrete voltage in the range from
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5500 V to 6000 V with the step change of 50 V. Thus, the input voltage on the multiplier changes in
the set values.

AC-0000Y =30 kHz
| | [|
[ [ I

o i S
[

|1 |1
M M B
Z 2

L1
[
L1
[
11
[~
11
[
b1
[~
11

I I L | ] L1 ”
I I I I 0 o

Fig. 2.2. Device scheme for the voltage N-multicascade multiplier
Puc. 2.2. Cxema ycrpoiictBa N-MHOTOKaCKaIHOTO YMHOXKUTES HAIIPSIZKEHUST

To obtain a high voltage, we use an asymmetric voltage multicascade multiplier (Cockeroft—
Walton scheme [24]), see Fig. 2.2 with the parameters of the maximum input voltage of 6000 V and
the frequency of 36 kHz. Number of multiplier cascades is 22. Capacity of the multiplier capacitors
C = 4.7 x 10~° F. The change in the accelerating voltage in the range from 242 kV to 266 kV for
plasma generator with “Li (and 100 kV for neutron generator). Thus, we have the discrete change
in the accelerating voltage at the accelerator, and this allows us to obtain discrete flows of ions or
electrons. At the entrance to the magnetic system of the solenoid, we have the distribution along the
track radius of discrete ion fluxes with the track radius from R;, to R;,. At the same time, in the
solenoid system, the movement of the ion flow is carried out along the helical line. The electrons
are accelerated in the same way, and then the ion and electron components are combined in the
neutralizer chamber. If the energy of electrons and ions is equal, we obtain an equilibrium plasma in
which ions and electrons are in a state of thermodynamic quasi-equilibrium, i. e., the temperature of
electrons and ions, may be considered, coincides.

Thus, due to the discretization of artificially prepared swirling plasma flows and discrete
alternating sequential compaction [25; 26|, technically, conditions are created for the implementation
of thermonuclear fusion in the considered installation of the plasma generator.

2.1. Klystron-based Quantum Energy Converter

To increase the efficiency of converting the energy of fusion products into electrical energy, it is
used in a quantum energy converter (QEC), which is an ion—emission electrovacuum device QEC-2.
The resulting helium is injected into the chamber of a quantum energy converter, which is a vacuum
flyby klystron in which the energy of helium ions is converted into electrical energy. The operating
frequency of the klystron QEC is 12 GHz—25 GHz at an output power of 10 kW from the anodes
of the microwave device, the ion stream passes through the input resonator of the device tuned
to a frequency of 12-25 GHz and an output resonator for ion energy transfer to microwave power.
Quantum energy devices (QED) are powerful microwave vacuum microwave resonator klystrons with
an open cathode and an output node powered by an external ion source. Compatible with various
electronically controlled plasma generators and used as a powerful converter of high-energy ion
energy into microwave oscillations. Powerful vacuum klystrons are designed to amplify high-frequency
currents at frequencies from 12.5 GHz to 30 GHz. The microwave resonator klystron is an amplifying
electrovacuum microwave device with short—term interaction of an ion flux with the longitudinal
component of the sagging electric field of several resonators, using the drift method to modulate the
ion flux in density (see Table 2.1). Energy conversion efficiency: 55 % (QEC) vs. 30 % (Zetatron [7]).
The output resonator system consists of 4 or 8 resonators connected in parallel to increase power.
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Table 2.1
Energy Balance Table
Tabauna 2.1
Tabuiniia sHEpreTudecKkoro dasianca
Somov Dolgopolov Patent [20] Ion SPC
Parameter et al. [19] et al. [18] RU 2757666 Klystron NEW
ENERGY
Input
Electricity 1.5 kW (including
(Power) 1 MWh/cycle 50-500 kW 50-500 kW 1.5 kW LiH heating)
Electricity Pulse 100 kV 48V 48V 48V
(Voltage)
Electricity 1000 Hz
(Frequency) Low-frequency 50 Hz 65 kHz 65 kHz (generator)
gsftstart) No No No No 1.2 kW (heating
LiH to 850°C, 10
min)

. lg LiH (~ 3
Lithium 10-100 kg/cycle  No No No months
(Consumption) -

operation)
1-3 ml/min
Hydrogen . No 1-5 1/min No 0.1-1 1/min (helium +
(Consumption) .
a-particles)
Output
Electricity 0.4-0.6 MW 35-350 kW 375-425 kW 50-500 KW (sec 00 KW
(Power) (sec pulse)
pulse)
Electricity
(Voltage) AC DC DC DC DC
Electricity
50 Hz 50 Hz 50 Hz 5-30 GHz (pulse) 153 kHz (KEP)
(Frequency)
Resources
Component Magnets: Electrodes: Electrodes: Resonators: Lill: 3 months
Lifetime 10 years 2 years 5 years 5000-25000 hours! ’
Measurement Methods
Mass flow Spectroscop?/7
. electron-optical
Helium controllers Mass
. No No No cameras, Mass
Consumption spectrometry -+
Langmuir probes spectrometry -
Langmuir probes
Divertor plasma
Plasma Hall probes Spectrometers Pressure sensors Laser Doppler dlagnostlcs. (He
Parameters concentration,
anemometry

ion temperature)

I The lifetime of the resonators depends on particle energy and bombardment frequency. In the absence of radiation,
the resource can reach 25000 hours.



Becmnux Camaperozo ynusepcumema. Ecmecmeennonaywnasn cepus 2025. Tom 31, M 1. C. 99-117
Vestnik of Samara University. Natural Science Series 2025, vol. 31, no. 1, pp. 99-117 107 us 117

3. Methodology of experimental measurements

3.1. Alpha particle shielding in industrial generators
3.1.1. Physical Basis of Alpha Particle Interaction with Titanium

Let us consider justification of the impossibility of 4.3 MeV helium ions (alpha particles)
penetrating 50 ym titanium foil. For the plasma (and neutron aim) generator, a 50 ym titanium
foil blocks 4.3 MeV alpha particles (range: 20-25 pm in Ti). SRIM (Stopping and Range of Ions in
Matter) simulations confirm full absorption, with perforated steel disks minimizing secondary X-ray
interference.

1. Range of alpha particles in materials: alpha particles lose energy mainly due to ionization and
elastic collisions with electrons and nuclei. The particle range depends on their energy and
the material density.

2. For 4.3 MeV in titanium (density 4.5 g/cm?), SRIM simulations show a range of approximately
20-25 pm.

3. A titanium foil of 50 pm exceeds the maximum particle range, guaranteeing full stopping.

4. Comparison with experimental data: In aluminum (a less dense material), a 5 pm foil reduces
alpha energy from 5.5 MeV to 3.3 MeV (2.2 MeV loss). Extrapolating to titanium shows that
50 pm of titanium is equivalent to ~ 100-120 pm of aluminum, fully preventing particle
penetration.

Key Conclusions:
1. Alpha particles with 4.3 MeV energy cannot penetrate 50 ym titanium foil.

2. Any radiation detected beyond the foil is related to perforations in the steel disks or secondary
processes (e. g., X-ray emission).

3.2. Photon detection for fusion validation

In this subsection we propose for photon detection from fusion reaction in LiH mixture (90 %
7Li, 10 % °Li). The p +7Li — 2*He + 7 reaction produces 8.7 MeV photons (primary signal) and
17 MeV events (rare). While this specific reaction is not typically the focus of large-scale fusion
experiments, similar diagnostic approaches for detecting high-energy photons have been employed to
confirm thermonuclear conditions in magnetized liner inertial fusion systems [28|.

Key spectrometer criteria:

Energy resolution: < 1 % FWHM (HPGe) to distinguish 8.7 MeV from p + 'O background (8-9
MeV).

Efficiency: BGO detectors achieve 25-30 % at 8.7 MeV, suitable for industrial neutron generator
monitoring.

Attenuation in titanium: 6 mm Ti transmits 86 % of 8.7 MeV photons (Fig. 3.1).

3.2.1. Photon Energy Spectrum Correction

In the reaction p +7 Li — 2*He + <, the total energy of 17.3 MeV is shared between the two
alpha particles and a photon. Experimentally, the photon carries ~ 8.7 MeV, with the rest transferred
to reaction products.

Target energy range: 6-17 MeV, because:

1. Main signal: 8.7 MeV (dominant peak).

2. Additional signals:
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e High-energy photons up to 17 MeV (rare full energy release events).
e Background reactions with impurities (O, N in vacuum):

(a) p+*N — O+ v (photons ~ 6-7 MeV).

(b) p+°0O — YF+ v (photons ~ 8-9 MeV).

3.2.2. Spectrometer Requirements

1. Energy resolution: Must be sufficient to resolve 8.7 MeV peak and background signals (6-9
MeV).

2. Efficiency: High sensitivity in the 6-17 MeV range.

3. Background suppression: Consideration of secondary reactions and cosmic rays (dosimeter
reads 20-140 pSv/h).

Comparison of Detectors for the 6—17 MeV Range
1. BGO Detector (BigGeszO17)

e Efficiency:

— High due to material density (7.13 g/cm?). For 8.7 MeV — ~ 25-30 %, for 17 MeV —
~ 15-20 %.

e Energy resolution:

— ~ 810 % FWHM at 8.7 MeV (peak width ~ 0.7-0.9 MeV).
— Peaks at 6-9 MeV may overlap, but statistical analysis allows separation.

e Advantages:

— Low cost, radiation resistance.

— Suitable for detecting rare events up to 17 MeV.
e Disadvantages:
— Broad peaks hinder identification of nearby signals (e.g., 8.7 MeV vs 89 MeV
background).
2. Nal(Tl) Detector

e Efficiency:

— For 8.7 MeV — ~ 15-20 %, for 17 MeV — ~ 5-10 %.
e Energy resolution:

— ~ 56 % FWHM at 8.7 MeV (peak width ~ 0.4-0.5 MeV).
e Advantages:

— Better resolution than BGO allows clearer separation of 6-9 MeV peaks.

— Easy to operate.
e Disadvantages:

— Low efficiency for high energies (>10 MeV).
— Background from natural iodine radioactivity.

3. HPGe Detector (High-Purity Germanium)

e Efficiency:
— For 8.7 MeV — ~ 20-25 %, for 17 MeV — ~ 10-15%.

e Energy resolution:
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— ~ 0.2-0.3 % FWHM at 8.7 MeV (peak width ~ 0.02-0.03 MeV).
e Advantages:

— Ideal resolution for separating nearby peaks (e.g., 8.7 MeV vs 8-9 MeV).
— Minimal background.

e Disadvantages:
— Requires liquid nitrogen cooling.

— High cost.
Detector Selection Recommendations

. Lo Table 3.1
Comparison of BGO, Nal(Tl), and HPGe Detector Characteristics

Tabsma 3.1
CpaBHenne xapakrepuctuk gerekropoB BGO, Nal(T1) u HPGe

Criterion BGO Nal(T1) HPGe
Efficiency Best Moderate Good
Resolution Low Moderate Excellent
Background suppression Requires collimation Needs shielding Automatic
Cost Low Low High

1. For statistical confirmation of the reaction (rough analysis):

e BGO is preferable — high efficiency compensates for low resolution.

e Use lead collimation (thickness > 5 c¢cm) to reduce background.
2. For precise spectral analysis:

e HPGe is preferable — 0.2 % resolution will separate the 8.7 MeV peak from background
signals.

Photon Attenuation in Titanium Pipe

Wall thickness: 6 mm. For 8.7 MeV photon:

Attenuation coefficient in titanium: p ~ 0.25 cm~! (NIST XCOM).

Fraction of transmitted photons: I/l = e #* = ¢~ 9206 ~ 0.86 (86 %) (Fig. 3.1)

Attenuation of y-radiation in titanium (6 mm)

0.89 A

0.88

0.87 1

Transmitted fraction, I/lo

0.84 === Target peak (8.7 MeV)

6 8 10 12 14 16
Photon energy (MeV)

Fig. 3.1. Attenuation of photons in a titanium tube

Puc. 3.1. Ocnabnenne ¢poToHOB B THTAaHOBOI TPyOE
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Background Suppression Methods

1. Lead collimation:

e Reduces the detector’s field of view, lowering scattered radiation contributions.
2. Time coincidence:

e Synchronization of the detector with plasma pulses (reaction is pulsed).
3. Spectral deconvolution:

e Use algorithms (e.g., Wiener filter) to separate 8.7 MeV peak from background.

Conclusions for methodology

1. The main signal of the p—|—7Li reaction is 8.7 MeV photons, but the spectrometer should cover
6-17 MeV. Detection of 17.3 MeV photons would confirm the reaction, though statistical
confirmation at 8.7 MeV is often sufficient.

2. HPGe is optimal for precise analysis, BGO is suitable for budget experiments. An HPGe
detector with collimation is ideal for background suppression and target peak identification.

3. Photon attenuation in titanium is not critical: 86 % of 8.7 MeV photons pass through. 91 % of
17.3 MeV photons are transmitted.

4. To suppress background from O/N reactions, use collimation and data processing.
Final Recommendations
e A 50 ym titanium foil is sufficient to block alpha particles.

e For fusion analysis in LiH (90 % 7Li), use an HPGe spectrometer with correction for titanium
attenuation; BGO is suitable for budget setups.

e It is advisable to consider °Li contribution (4.0 MeV) as background during data processing.

Conclusion

We conclude that in order to solve the problem of controlled synthesis of light nuclei, the technique,
and technology for creating and forming electronically controlled ion and plasma fluxes in magnetic
fields by grouping flows with sampling and specifying certain sequences laws for ion and plasma
fluxes have been developed. The experimental electronically controlled plasma electric generator
installation with a vacuum subsystem of blocks and an electronic control system has been assembled.
The possibility of using such installations is considered to create serial production of generators of
electric and thermal energy for the heat and power supply of enterprises, which is most economically
advantageous compared to large reactors. Building autonomous power supply generators based
on remote or hard-to-reach residential settlements, autonomous nonvolatile industrial enterprises,
and other facilities. Our prototype demonstrates a 40 % cost reduction in isotope production costs
compared to TRIGA reactors (12$/gvs. TRIGA’s 20 per gram for " Tc) [11] due to the minimized
neutron flux dispersion [27].

Recent experiments, such as Gomez et al. [28|, demonstrate thermonuclear neutron yields via
magnetized liner inertial fusion (MagLIF), achieving up to 2 x 102 DD neutrons. Our approach,
utilizing adaptive plasma discretization, offers higher energy conversion efficiency (> 50%) and
modularity, addressing scalability challenges inherent in pulsed-power systems like Z Machine.
As shown in the Ragone diagram (Fig. 1.1), our generator outperforms pulsed systems like MagLIF
(Z Machine) in energy density, bridging the gap between large-scale fusion and portable solutions.
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The Ragoné diagram (Fig. 1.1) illustrates the comparative performance of plasma energy
systems and storage technologies, emphasizing power (W) versus energy density (J/kg). The newly
developed electronically controlled plasma generator, described in this work, is positioned within the
high-efficiency quadrant (>50 % energy conversion), outperforming conventional D-T systems and
compact neutron sources. Key innovations, such as lithium hydride evaporation, quadrupole magnetic
discretization (Patent RU 2757666 [20]), and adaptive ion flux synchronization, enable the generator
to achieve thermal output of 8-25 kW and electrical power of 4-12 kW. These advancements place
the system between fusion prototypes (e. g., ITER) and advanced energy storage solutions (e.g.,
Li-ion batteries) on the diagram (Fig. 1.1), highlighting its modularity and scalability. The inclusion
of experimental setups such as the Kurchatov Tokamak and MIFI-MIST series, alongside emerging
projects (Helion Fusion’s Trenta and TRINITI reactors [31]), underscores the competitive edge of
adaptive plasma discretization in bridging the gap between industrial-scale fusion and portable
energy systems. When installing neutron protection in the case of neutron generator, it makes sense
to use a deuteriumtritium reaction generator on this type, it will be an easy and convenient way to
obtain clean energy.

Existing plasma accelerators are divided into thermal and electromagnetic accelerators, the former
when acceleration is associated with a drop in total pressure and the latter with Ampere force. In these
areas of plasma accelerators, designs are constantly being searched and improved. For example,
new developments in plasma accelerators are presented in [31]. But there is another way to obtain
accelerated dense plasma, presented in this article, which is to obtain plasma of the required energy
from electron and ion plasma components accelerated on separate linear or cyclotron accelerators,
followed by their combination to neutralize and produce a plasma flow.

Methodology confirming the plasma generator’s operability is considered:

50 um Ti foils fully block alpha particles, ensuring safety in neutron generator designs.

HPGe detectors resolve 8.7 MeV photons with 0.2 % FWHM, critical for distinguishing fusion
signals from p + O/N background.

Future work includes Integration of methodology’s protocols into full-scale reactor trials,
optimizing photon detection algorithms for real-time monitoring.

Recent advances in non-perturbative guiding center theory (Burby et al., 2025 [32]), which
employs machine learning to model high-energy particle dynamics in complex magnetic fields,
highlight the importance of data-driven approaches for improving confinement predictions. These
developments align with our focus on adaptive ion flux synchronization and could further enhance
the accuracy of plasma discretization algorithms in future iterations.
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Awnnoranus. PaszpaboTanbl METOIBI CO3MAHNS JEKTPOHHO-YIIPABISIEMbIX TTOTOKOB
MOHOB U ILJIa3Mbl B MAlHUTHBIX TOJISIX JIJIsi HETPOHHOI'O T€HepaTopa, ILIa3MEHHOIO
3JIEKTPOreHEPATOPa U TeHepATOPa Ha OCHOBE KJIMCTPOHA. MeToauKa U TEXHOJIOI U CO-
31aHus 1 GOPMUPOBAHNUS SJIEKTPOHHO-YIIPABJISLEMBIX [IOTOKOB HOHOB U IJIA3MBI B Mar-
HUTHBIX II0JISIX OBLIN pa3paboTaHbl JIJIsl Peau3allui YIIPABJISIEMOro TEPMOsIIEPHOTO
CHHTE3a MOCPECTBOM AIANITUBHON MUCKPETHON MO/ TOTOKOB. Pabora 6/10K0B
YCTaHOBOK OCHOBAHA HA IPUHIUIAX YILIOTHEHUS IIJIA3Mbl C MATHUTO-OINITHIECKOM CHUH-
XpOHU3aIyell B peajbHOM BPEMEHM, KPUTUIECKN BAXKHOI JIJIsT MUHUMU3AIUH [10TEPh
Ha UKJIOTPOHHOE u3jydenne. B pabore mpejcraB/ieHa KOMIJIEKCHAS METOOJIOTUS
9KCIIEPUMEHTAIBHON BAJIMIAINN, BKIIIOYAIONAs [I€TEKTUPOBAHNE BHICOKOYHEPreTH e~
ckux dhoroHoB (6-17 MaB) u sxpanuposanne anbba-9acTUIl TATAHOBON (OJIBTIOH
ToymuHOR 50 MKM, HEOOXOIUMBIE JJIsi UCIBITAHAN TPOMBIIIIEHHBIX LJIA3MEHHBIX
reHepaTopoB. PaccMOTpeHbl TeOpeTHYecKne U IPUKJIAIHBIE ACIIEKTHI MOJIEIMPOBAHUS
MArHUTOIMHAMUYECKHUX IIOTOKOB ILJIa3Mbl, 8 TaKyKe HOBasi KOHCTPYKIIUS IJIa3MEHHOIO
HEUTPOHHOT'O TeHEPATOPa C IMHAMIIECKON MIa3MeHHON MumeHbio. 1Ipemioxkennbrit
JIEKTPOHHO-YIIPABJIIEMBIII T€HEPATOP-IIPe0dPA30BATEb SHEPTUN ILIA3MbBI JEMOH-
CTPUPYET TEIJIOBYIO MOIHOCTEL 8—25 KBT 1 s/iekTpuvecKyio Momuocts 4-12 kB,
npepbimas 3G eKTUBHOCTL peobpazosanust sueprun (>50 %) Tpamurmuonnsrx D-T
cucteM. [Ipemmaraercss HEHTPOHHBINT TeHEPATOP C TIA3MEHHONW MUIITEHBIO, obecrie-
apBaonmit nMiyabensii norok 10 1010 ¢ 1, uro memoncrpupyer npemmymecrsa
o cpaBHeHUO ¢ TpamuimonabiMu D-T cucremamvu. Vcmonb3oBaHne KOMIAKTHBIX
HEHTPOHHBIX U JIEKTPOr€HEPATOPOB MTO3BOJISIET IIPEO/IOJIETh OrPAHNYEHUS TPAIUITH-
OHHBIX $IJIEPHBIX PEAKTOPOB JIeJIeHNsI, 00eCIIeunBasi MOJLYJIbHOCTh M OBICTPYIO Mac-
mrabupyemoctsb. HenmaBuue pazpaboTku BKIIOYAOT uMItyIbcHble D-T rerepaTopst
U THOPUIHBIE JIA3epPHO-TIIa3MEHHbIE CUCTEMBI, OTHAKO 3P PEKTUBHOCTD Ipeodpa-
30BaHMsl 9HEPIUU B HUX ocraérest Huskoil (<30%). IlimasMeHHBIN 2JIeK TPHIeCcK i
PeHEpaTOp peain30BaH HA OCHOBE MCIAPEHUS TUIPUJA JIMTAS U KBAJAPYIOJIHHOMN
marauTHol juckperusanuu (ITarenr RU 2757666). Texuosorust pernaer mpobiemy
MaCIITabMPYEMOCTH TPAIUIUNOHHBIX PEAKTOPOB JIeJIEHUsI, ITpejijiarasi MOILYJIbHOCTb 1
OBICTPOE Pa3BEepPTHIBAHNUE, C MEPCIEKTUBOM IPUMEHEHNs] B IIPOU3BOJICTBE U30TOIOB U
B KOMIIAKTHBIX HEHTPOHHBIX MCTOYHUKAX.

KuaroueBbie ciioBa: KBaJIpPyIMOJIbHbIE MATHUTHBIE CUCTEMBI; 3JIEKTPOCTATHIECKOE
yCKODeHUe; MarHuTHas JINH3a; IJ1a3MeHHad MUIIeHb; TePMOs/IepHbIIl CUHTES;
IJ1a3MEHHbIE TOKHM; CHHXPOHHU3AINsl; TeHepPaTOP CUHTEe3a; HEUTPOHHBII TeHePaTOD;
KJIUCTPOH; FraMMa-CIIeKTPOCKOIINA.

Nudopmanusi 0 KOH(IMKTE NHTEPECOB: aBTOPhI U PEICH3EHTHI 3aABJISIIOT 00 OTCYTCTBUU KOHMIUKTA

UHTEPECOB.
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TPEBOBAHUSA K O®OPMJIEHUIO CTATEN
REQUIREMENTS TO THE DESIGN OF ARTICLES

2XKypuan "Becruuk Camapckoro yHuBepcurera. EcrecTrBeHHoHayuHasi cepusi / Vestnik of Samara University. Natural
Science Series" wuzgaercs ¢ 1995 r. u sABJISIETCS PEryJISIPHBIM HayYIHBIM HM3JaHUEM, BbIIycKaeMbiM CaMapCKUM YHHUBEPCHUTETOM C IEJIBIO
Pa3BUTHUsI HAYYIHO-MCCJIEI0BATEJILCKON e TeIbHOCTH, IOJJEPXKKNA BEAYIIUX HAYyYHBIX IIKOJ M IIOJMOTOBKHM KaJpOB BbICIIEH KBayudu-
Kanuu. 2KypHas BBIXOAUT KaK B I€YaTHOM, TaK M B 3JIEKTPOHHOM BHJE. DJIEKTPOHHAs BepCUs KypHaja pa3Mellaercs Ha caiite
Camapckoro yHuBepcurTera 1o ajapecy https://journals.ssau.ru/est. Bce crarbum mpoxogaT HposBepky B nporpamme "Anrtumsiaruar'.

B xypnasne "Becruuk Camapckoro ynusepcurera. EcrecrBenHonayunasi cepust / Vestnik of Samara University. Natural Science
Series" mnevararoTcsi OpUTHMHAJbHBIE HAyYHBIE PE3YJIbTAThl M3 Pa3/IMYHbIX OOjlacTell ecTecTBO3HaHHWs MO npodwmio 6a3bl gaHabix zbMath,
paHee He IyOJMKOBABIIMECS M HE IPEJCTABIEHHBbIE K IyOJHKalMu B JPYIUX HU3JaHUAX. E>KerogHo BBIXOLAT B CBET dYeThbIpe
PeryJisipHbIX BbIIIyCKa >KypHaJa.

IlpexacrasisieMasi B KypHaj pabora JoJDKHA ObIThb 3aKOHYEHHBIM HAay4YHBIM HCCJIEJIOBAHUEM M COAEPKATH HOBbIE Hay4HbIE De3yJlb-
TaThbI. CTa.TbI/I JAOJIZKHBI IIOAIIMCHIBATHCA BCEMHU aBTOpaMH, YTO O3HaYaeT UX coIviacue Ha IiepeJgady BCeX IIpaB Ha pacCIIpoCTpaHeHHue
paboT C IOMOIIBIO IEYATHBIX U IJIEKTPOHHBIX HocuTeseil mHpopmanun Camapckomy yHusepcurery. Crarbu MOryT ObITH HallMCAHBI
HA PYCCKOM WJIM AHIVIMACKOM sI3bIKaX, IPU ITOM aBTOPbI OOA3aHbI MPEIbSABJATH IOBBIIIEHHbIE TPeOOBaHMSI K CTUJIIO M3JIOXKEHHUS U
a3bIky. CTaTbu JIOJIXKHBI CONPOBOXKJIATBHCS HAIPABJIEHUEM OpraHU3alUM, B KOTOPOHl BbinmoiHeHa pabGora. Crarbu 0630pHOro Xapakrepa,
peleH3un Ha HaydHble MOHOrpadUM NUIIYyTCs, KaK IIPaBUJIO, [0 IpOchOe peaKoJIeruu >KypHasa. Bce mpencrasieHHble paboTbl pe-
JaKIus JKypHaJia HallpaBjisieT Ha pelleH3upoBaHue. Pemenne 06 ony6/MKOBaAaHHUN IPUHUMAETCS PEIKOJIJIETHMH »KypHaJia Ha OCHOBAHUU
peneHsuu. ABTOpaM PEKOMEH/IyeTCsl O3HAKOMUTBCsSI C MpaBHJIaMHU IMOJATOTOBKU CTaTeil mepejl IpeJcTaBieHNEM HUX B peaakiuio. Pabo-
Tbl, OMOPMIIEHHbIE HE IO IpaBUJaM, PeJKOJUIerueil paccMaTpuBarTbcsi He OyayT. Pemakinusi mpocuT aBTOpoOB npu odopMJIIeHUU
paGoTbl NPUAEP>KUBATHCH CJIEAYOMIUX IIPAaBUJI UM PEKOMEHAlui:

1. Crarbu upesacrabiasiorcss depes cait https://journals.ssau.ru/est.

2. CrarTbsi JOJXKHA COJeprKaTb: HasBaHue paborbl (6e3 GOopMys), CIHCOK aBTOPOB, IPEJICTABJIEHHBIH B aJdaBUTHOM IOpPsKe,
C yKasaHumeM MecTa paboTbl M €ro ajapeca C HHIEKCOM, aJpecoB 3JIEKTPOHHOM MHOYTHI KayKJOro W3 HUX, 3BaHus, gosxkuaocru, ORCID
Ha PYCCKOM M aHIVIMICKOM sI3bIKax; aHHOTauuio He MeHee 100 CJIOB Ha PYCCKOM M AHIVIMIACKOM sI3bIKaX, KOTOpas [1aeTCs MePeJ] OCHOBHBIM
TEKCTOM; OCHOBHO# TEKCT, KOTODBLIi DPEKOMEHJYeTCs pa3leJisiTh Ha I[OJAPa3/eibl C LeJbIo O6JerdyeHusl 4YTeHUusi paboThl; 3aKJIIOYEHUE
C KpaTKOH XapaKTEPUCTUKOH OCHOBHBLIX IIOJIyY€HHBIX pPe3yJbTaTOB.

3. Crarbst mo/kHaA OBITH CHaOXKeHa HMHJEKCOM yHHBepcasbHON Kiaaccudukanuu (YIK), HeoOXOAMMO NIPEACTaBATH KJIIOUYEBLIE CJIOBA
HA PYCCKOM M AaHIVINMCKOM SI3BbIKAX.

4. O6beMm crarbu He [OJIKEH MpeBblarb 15-25 cTpaHul], WIIOCTPUPOBAHHOrO He 6oJiee deM 5 pUCyHKaMH U 5 TabJullaMu.
Bazosblit pasmep mpudra — 10 nynkros. OmnybsmkoBanue pabGoT, HE COOTBETCTBYIOIIUX STUM OrPAHUYEHUSM, BO3MOXKHO TOJIBKO IIOCJIE
CIIeIIUAJIBHOT'O peIlIeHUud PpeaKOoJJIeruu KypHaJia.

5. Ilognucm K puCyHKaMm JOJIKHBI pa3MellaTbCsi CHU3Y OT PHUCYHKa MW JIOJPKHBI COJAEp:KaThb HUX KPATKOe OINCAaHWe U, BO3MOXKHO,
OO'bsSICHEHHE HCIOJIBb30BAHHBIX CHMBOJIOB U YCJIOBHBIX OOO3HAYEHUN.

6. Vkasarenb TabJMLbl JOJKEH OLITH pasMeIleH CIpaBa CBEepXy OT TabJHIbl. 3arojgoBok Tabuuibl (Kak U cama Tabumna) JOJXKEH
6bITh OTLEHTPUPOBAH II0 LIUPUHE OCHOBHOI'O TEKCTA.

7. Hymepanusi pucyHKoB U TabJHI] JOJ’)KHaA ObITH IOpa3/iesbHOIl 1O TeKcTy crarbu. He pomyckaercss pasMelaTb B TEKCTE€ PUCYHKHU
n Ta6J'II/IL[bI A0 TIOsAABJIEHHUsA Ha HUX CCBLJIKM B TeEKCTeE.

8. Tekcr craTbu JOJIXKEH OBITH NMOArOTOBJEH C Hcrosb3oBanuem ctuiasa "VesSamUn.sls". Cruiap "VesSamUn.sls" u npumep odopm-
JIeHHsI CTaTbU MOXKHO Haiitn Ha caiite CaMapcKoro rocyJapCTBEHHOrO yHHBepcuTeTa (aJpec ykKasaH Bbliie). Vcnonb3oBaHue Apyrux
peasmmzanuii TEX’a kpaiine nexesnarenbuo. I1oAroToBKa 3JI€KTPOHHONW BEPCUU CTATBU C IIOMOIILIO JAPYTHX CPEJCTB JIOJI2KHA ObITH 3apa-
Hee corjlacoBaHa ¢ pepakumeil. MinrocrparuBHbelii Marepuasn (pucyHKH, TabJHLbl, JUAarPaMMbl) I'OTOBUTCS CTAHJAPTHBIMU CPEJACTBAMHU
IMTEX’a. Pucynku MoryT OBITH TaKyKe IIOJAIOTOBJIEHBI B JIIOO0OM rpaduuecKoM pejgakTope. B ciydae HCIOIb30BaHUSI HECTAHIAPTHBIX
cTuiieBbIX ailiioB aBTOp O0s3aH NIPEJOCTABUTDL PEJAKIMU HeoOXOoAuMble crusieBble dailinbl. V3MeHeHHsI cTaHIAPTHBIX CTHJEBBIX (dailyioB
HEJOILyCTUMBI.

9. Ilpu noaroroBKe SJIEKTPOHHOI'O BapuaHTa CTATbH CJE€AyeT IIPUHUMATHL BO BHUMAaHHE CJIEAYyIOI[Me PEKOMEHJIalUN:

a) npu Habope CTaTbU HEOOXOAMMO pPa3J/IMYaTh CJEAYIOIIMe 3HAKHU IIPEIUHAHUS U KOHTPOJIbHBIE IIOCJIELOBATEJIBHOCTH, UM COOTBET-
crByromme: oguHapubiii gedunc (7-7), asoitHol meduc (”7”)1, TpoiiHo# aeduc (”7”)2. OpuHapHbIi 1eduCc HUCHONMB3YIOT B COCTABHBIX
cJIoBax; JBOWHON neduc pekoMeHyeTcsl IJjisl yKa3aHUsl AWANa30HA YHCeJ W 'ABOWHBIX'damuinnii; TpoilHoi neduc os3HadaeT TUDE;

6) HeJOIYCTHMO HAXOXKJAEHUs PsJOM JByX H OoJiee 3aKpbIBAIONUX MJIM OTKPLIBAIOIUX CKOGOK OJHOIrO BHJa. PekomeHyercs
BHUMATEJIbBHO OTHOCHUTBLCA K 6aJIaHCy CKO6OK;

B) JIOILyCKaeTCsl HUCIOJIb30BAHUE CJEAYIOIMMX KOMaHJ[ IepekJodeHusi mpudros: \rm, \it, \bf, \sl u crangapTHbIX MWPUDPTOB Cce-
meiictBa AMS ¢ ucCHosib30BaHUEM CJIEAYIOINX KOMAaHJ[ IepeKsiodeHus: mpudrToB \mathbf, \mathcal, \mathfrak. Vcnonb3oBanue Jpyrux
wpudTOB JONKHO OBbITH COINIACOBAHO C peJakKlueil KypHaJa;

r) Ha rpadmukKax JoJKHaA ObITH HaHeceHa ceTKa (JKeJaTeJbHO KBaJpaTHas) ¢ obo3HadeHUEeM JesleHHH. PexkoMenjyeMmblii pasmep
pucynkoB — 11-15 c¢cM no ropusoHragu u 5-15 cM mno Beprukaau. Heob6XoauMo TIATEJIBHO CJIEAUTH 3a TOYHBIM COOTBETCTBUEM
obo3HadeHni B TEKCTe M Ha PHUCyHKax H 3a mnoxobumem mpudTos. Hapnucu, sarpoMmokjaronige pPUCYHKH, JOJXKHBI ObITH 3aMEHEHBI
nudpamu nian GYKBEHHBIMH OOO3HAYEHUsIMU W BHECEHBbI B MOAPUCYHOUHBble moamucu. CaMu MOJAPHCYHOYHBIE IOJIKMCH JOJXKHBI ObITH, IO
BO3MOXKHOCTH, KpaTKUMHU. Penakmus ocrtaBiisieT 3a cob6oii npaBo TpeGoBarb OT aBTOpa 6ojiee Ka4eCTBEHHOI'O BBINIOJIHEHUsI IPpadUuecKoro
MaTepuaJia;

1) JJ1s MaTeMaTHYeCKUX OBO3HAYeHHIl PEKOMEH/lyeTcsl ynoTpebJsiTh, MO0 BO3MOXKHOCTH, CTaHJApTHbIE M Haubojiee MPOCTble CUMBOJIBI.
He caenyer npumensitb uHIEeKCb u3 OyKB pycckoro asipaBuTa. BeKTOPbI M TEH30pPBI BBIINOJIHAIOTCH JKUPHBIM InpudTom. Bwmecrto
OJIMHAKOBBIX IIOBTOPSIIOIINXCsI OJIOKOB B (DOpMyJiax »KeJjlaTeJbHO WCIIOJIb30BaTh HMX COKpAIlleHHble OOO3HAYEHWUS;

e) npu HyMepauun ¢HOpPMyJ peJaKlus IIPOCUT IOJb30BATBHCSA JECATUYIHON cucTeMoil. PekoMeHyercss JBoiiHasi HyMmepalus: HepBas
uudpa — HOMEp pazjesa CTarbu, Bropas uudpa mocjie TOUYKU — HOMEp (GOpMyJibl BHYyTpuU pasjesa. Homep JOJKEH CTOATH CIpaBa
or dopmynsl. He cienyer nymepoBarb ¢OpMyibl, Ha KOTOPBIE HET CCBLJIOK B TEKCTE;

2K) TEOPEMBI, JIEMMBbI, IPUMEPHI, YTBEPXK/EHUS U T.II. BBITOJIHSIOTCH OOBIYHBIM HIPU(TOM; MX 3ar0JIOBKU JAIOTCs YKUPHBIM HIPUQPTOM;

3) CIIMCOK JINTEPATYPbl COCTABJISIETCS 11O MOPSAKY LUTHUPOBAHMS, PACIOIAraeTcs B KOHIE CTATbU Ha PYyCCKOM M aHIVIMHCKOM SI3BIKax
(me menee 10 mynkToB). [ssi KHUr coobuiaercs ciefyiomass uHdopManusa: haMUIUd U HHALUAJBL aBTOPOB, IIOJHOE Ha3BaHUE KHUIH,
U3/1aTeJIbCTBO, IOJI HU3JaHHsl M KOJUYECTBO CTPAHMUIl; [Jjis cTaTeil B COOpPHHKaxX M JKypHasax — QdaMUINU U HWHUIUAJLl aBTOPOB,
[IOJIHOEe HAa3BaHWE CTATbU, Ha3BaHHe >KypHaja (COOPHUKA) MOJHOCTBIO WM, €CJIU €CTh CTaHJapTHOE COKPAllleHHue, COKPAIEHHO, IIOJIHAs
nudopmalus o6 mnsganun (cepusi, TOM, HOMEP, BBIIYCK, I'OJ), HOMEpa HAJaJbHOH M KOHEYHOH CTPAaHWI] CTATbHU;

M) CCBJIKM Ha HMHOCTPAaHHbIE HCTOYHHUKHU (BKJIIOYAs II€pEBeJleHHbIE Ha PYCCKHH sA3BIK CTATbU W KHUIHM) JalOTCs O6sA3aTes]bHO Ha
A3bIKE OpHUI'MHAJIa W CONPOBOXKIAIOTCA B CJydae I[epPeBojila Ha PYCCKHUI #A3bIK C yKa3aHUEeM Ha3BaHUs U BBIXOJAHBIX JaHHBIX II€PeBOJA.

IluTupoBanue ocyliecTBisieTCs KOMaHIo# \cite ¢ coorBercrBylomeil Merkoit. CCblIKM Ha HeOIyOJMKOBAaHHbIE PAbOTBI HEILOILyCTHUMBI.

Hesbinosinenne aBTOpaMM II€PEYNC/IEHHBIX BBIIIE I[IPABUJI MOXKET IIOBJIEYb 3a CO0O0il 3aJep:KKy ¢ OIyOJIMKOBaHHEM pPabOThI.

B xypnaJsie naercs ykasaHue Ha JaTy HOCTYIUIEHHsI paGOTbl B PEJAKIUIO M JaThl ee NpuHATHA. [Ipockba pemakium o nepepaboTKe
CTaTbU HE O3HAYAET, YTO CTATbhbs MPUHATA K IIe4aTH; IOCje [epepabOTKH CTaTbsl BHOBb DPACCMAaTPUBAETCS PEAKOJIIErneil »KypHaJa.

Pedaxuusa otcypHana

LCooTBeTcTByONAasA KOHTPOJbHAS TOCTEI0BATENILHOCTS ecTh \cdash--~
2Co0TBeTCTBYONAs KOHTPOIbHASA TOCIIEOBATEIBHOCTE eCTh \cdash---
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